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Abstract

The global increase in plastic waste has negatively impacted the environment, human
health, and economy. Plastics that lack recyclability, such as thermosets are some of the main
culprits. To help address this issue, reactive functional groups can be incorporated in
macromolecules, enabling straightforward post-polymerization modification (PPM) that can
enhance their ability to be recycled. This thesis studied carbodiimides as a reactive functional
group for facile PPM with amines through a catalyst-free transformation to N,Nʹ,Nʺ-trisubstituted
guanidines. Small molecule studies showed that N,Nʹ,Nʺ-trisubstituted guanidines underwent a
reversible thermal exchange reaction without a catalyst. The newly found thermal exchange
reaction, termed thermal guanidine metathesis (TGM), was used as the basis for a new type of
covalent adaptable network (CAN). At elevated temperatures the CAN transitioned from
thermoset to thermoplastic-like rheological behavior, which allowed the material to be
reprocessed. TGM-based CANs exhibited vitrimer-like behavior such as a relatively constant
crosslink density and the Arrhenius scaling of relaxation times. Additionally, differences in
activation energy determined by small molecule studies and stress relaxation analysis were
consistent with the Semenov-Rubinstein model of thermoreversible highly crosslinked networks.
This thesis also studied the transformation of carbodiimides with multifunctional amines for
novel polymers using PPM.
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Chapter 1. Covalent Adaptable Networks
1.1 Introduction to Thermosets, Thermoplastics, and CANs
The increase in plastic waste has led to several problems which include those relating to the
environment and human health. The first plastics were designed to be durable and stable, with little
thought put into their ability to be broken down and recycled. Research in the re-usability of
polymers, as well as deriving monomers from feedstock or “green” sources has seen an increase
in recent years. To develop polymers that can be recycled, understanding the issue within different
classes of polymers is of importance. The two major types of polymers are thermosets and
thermoplastics, which both pose their own major issues. Thermosets lack sustainability and
thermoplastics contribute more waste to the environment.
Traditional thermosets are highly crosslinked networks connected by
permanent covalent bonds (Figure 1).1 Thermosets are chemically
resistant, thermally and mechanically stable polymers due to their
crosslinked structure. They are widely used in the aerospace, electrical,
Figure 1-1. General
structure of thermoset:
Polymer chain (grey)
with crosslinked
chains(blue).

and automobile industries as materials for electrical insulators, rubber
tires, and adhesives. However, thermosets generate vast amounts of waste
since they are not able to be recycled or reprocessed after curing. This is

attributed to the covalent crosslink bonds not being able to be selectively broken from the main
chain segments. The high crosslink density in thermosets provides better mechanical strength and
hardness, but crosslinking chains prevents large-scale chain mobility resulting in poor elastic
deformation prior to macroscopic failure. Increasing crosslink density improves degradation in
heat and mechanical strength, but also leads to a more brittle material. Conventional thermosets

cannot be reprocessed like thermoplastics, since segmental motion – and motion of the chain as a
whole - is limited.
On the other hand, thermoplastics are linear polymers held together
by non-covalent interactions such as hydrogen bonds, π-π stacking, or
ionic and Van der Waal interactions (Figure 2).2 Thermoplastics can
be reprocessed or recycled by heating above their transition glass
Figure 1-2. General
structure of thermoplastic
linear polymer chains
(grey).

temperature Tg, the temperature at which there is onset of localized
segmental motion of individual polymer chains. As a result, the
material softens and is able to undergo macroscopic flow. Their

mechanical properties can further be tuned by molecular weight (Mw), topology, and entanglement.
Yet most thermoplastics do not have excellent mechanical properties, and some can degrade in
mild conditions, making their applications limited. The exception is high performance
thermoplastics like polyethylene terephthalate or polyether ether ketone, which are thermally
stable at extreme temperatures, but they tend to be 3 to 20 times more expensive than traditional
thermoplastics like polyethylene which limit their use in various industries.3 Thermoplastics tend
to have more drastic temperature-dependent mechanical behavior since the lack of cross links
allows large-scale chain mobility. Below Tg, thermoplastics behave as rigid, glassy solids and
above Tg, as a soft, elastic material. As a result of non-cross linked chains, thermoplastics can
undergo significant deformation as stress is applied. Below the yield point, the material will return
to its original shape when the stress is removed, but past the yield point deformation is permanent
and non-reversible. By heating the thermoplastic above its Tg, the material can be reprocessed and
ideally will retain its properties prior to deformation past the yield point.
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With the demand of “greener” materials, chemists have shifted their focus to a bottom-up
approach, meaning an emphasis on the individual monomer structure for the ultimate property of
the material. The design of repairable and recyclable materials has seen two main approaches to
the problem: materials that can be repaired by crack healing or through the incorporation of either
physical or covalent dynamic bonds.4-8 Crack healing materials release an active chemical that
repairs the macromolecular structure by rupturing microcapsules or other reservoirs when the
material is damaged. This has limitations, as the number of healing cycles is finite, and the active
chemicals can undergo degradation over time.7 Theoretically, dynamic bonds have a greater
number of healing cycles and are more stable over time. Noncovalent interactions can range from
hydrogen bonding, pi-pi stacking, ion interactions, but they often lack stability at high
temperatures and suffer from poor mechanical properties compared to their thermoset
counterparts.8
Cross linked materials with covalent dynamic bonds, referred to as covalent adaptable
networks (CANs),4,5 have similar mechanical properties to traditional thermosets, but can also be
recycled and reprocessed due to their dynamic covalent crosslinks. CANs are considered a smart
material, where the dynamic properties of the material can only be activated with specific stimuli
such as temperature or light. Upon applied stimulus, CANs transition from thermoset to
thermoplastic-like behavior, resulting in complex viscoelastic properties. This essentially
combines the mechanical stability and recyclability properties of thermosets and thermoplastics.
With existing and new reversible exchange reactions being developed, vast libraries of CANs will
be available in the future for various industrial applications.
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1.2 Viscoelastic Properties of CANs
The fundamental properties of CANs can be studied by rheometry, which is the
experimental technique used to determine the rheological properties of materials. Rheology is the
study of flow and deformation of polymers, which describe the interrelation between force,
deformation and time. There are a vast number of rheometric tests that can be performed to
determine flow properties and viscoelastic properties of a material, but we limit the discussion to
small amplitude oscillatory testing , stress relaxation, and creep testing.
Viscoelasticity is the property of a material that exhibits both viscous (solid) and elastic
(liquid) characteristics under stress and deformation. Viscoelastic materials are those for which the
relationship between stress and strain depends on time or frequency of an applied oscillatory force.
Polymers are an example of viscoelastic materials, as they exhibit properties of both the solid and
the liquid phases. Polymers have different mechanical characteristics depending on the
temperature and type of applied deformation. We limit the discussion to linear viscoelasticity, in
which there is a linear relationship between stress and strain at any given time. Linear
viscoelasticity theory can be represented by simple models or those with ever increasing
complexity by introducing elements and extended analysis from 1-D to 3-D.
The simplest representation of a viscoelastic liquid is a spring and dashpot connected in
series, called the Maxwell model. In a Maxwell model, the stress applied results in predominantly
an elastic response, GMaxwell, at short time intervals, but at longer times the viscous response, η,
prevails (Equation 1). A viscoelastic solid can be similarly represented by the Kelvin-Voigt model,
which combines the spring and dashpot elements connected in a parallel series. In a Kelvin-Voigt
model, applying stress results a delayed strain since the presence of the dashpot impedes the
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response of the spring. The system has a predominant viscous response and then an elastic response
over longer time scales, as the spring becomes more stretched. The timescale or rate at which this
transition occurs depends on the retardation time λ, which is given by η/GKevin-Voigt, which can be
defined as the time required for the strain to reach 63% of its final value (Equation 2). Combining
the Maxwell model and Kevin-Voigt model in a series best describes the viscoelastic liquid-solid
behavior of a system. This is termed the Burgers model. The strain dependence of the Burgers
model is the combination of both mathematical expressions of both the Maxwell and Kevin-Voigt
model (Equation 3).
𝑡
𝛿𝑡
𝛾 = 𝛿(
+ ) (1)
𝐺𝑀𝑎𝑥𝑤𝑒𝑙𝑙 η

𝛾=

𝛾 = 𝛿(

𝛿

−𝑡

𝐺𝐾𝑒𝑣𝑖𝑛−𝑉𝑜𝑖𝑔𝑡

1
𝐺𝑀𝑎𝑥𝑤𝑒𝑙𝑙

+

(1 − 𝑒 𝝀 ) (2)

1

𝑡 𝑡
[1 − 𝑒 𝝀 ] ) (3)
𝐺𝐾𝑒𝑣𝑖𝑛−𝑉𝑜𝑖𝑔𝑡
η

Experimentally one of the primary techniques to study the viscoelastic properties of
polymers, including CANs, is small amplitude oscillatory testing. Oscillatory testing measures the
time-dependent dynamic moduli of polymers by applying a sinusoidal stress, σ, and measuring
the resulting sinusoidal strain, γ (Equation 4).9 For a perfectly elastic solid, the resulting strain and
the stress will be perfectly in phase. For a purely viscous fluid, there will be a 90° degree phase
lag of strain in phase. Viscoelastic polymers have characteristics in between, where phase
lag between 0° and 90° will occur during sinusoidal deformation , due to the excess time necessary
for molecular motions and relaxations to occur. The storage modulus (𝐸 ′ ) measures the stored
energy, representing the elastic portion, and the loss modulus (𝐸 ′′ ) measures the energy dissipated
5

as heat, representing the viscous portion (Equations 5-6). Tan delta is an indicator of thermal
transitions; for example, Tg can be represented as the peak of tan delta (Equation 7). The overall
resistance to deformation of a material termed the complex modulus, E*, is a useful property to
quantify as it is a direct measure of the rigidity of a material's soft solid structure when exposed to
stresses below the yield stress (Equation 8). The complex modulus is useful in relating the complex
viscosity, η*, which is the measure of the total resistance to flow as a function of angular frequency
.Similar to E*, η*, can be broken down to include the dynamic and storage viscosity components
(Equation 9).
𝛾 = 𝛾0 sin(𝑡𝜔 + 𝛿) , 𝛾 = 𝛾0 sin(𝑡𝜔) (4)
(ω = frequency of strain oscillation; t = time; δ = phase lag)
𝐸′ =

𝜎0
cos (𝛿) (5)
𝛾0

(σ0 = sinusoidal curve)
𝐸 ′′ =

𝜎0
sin (𝛿 ) (6)
𝛾0

𝐸"
= tan(𝛿) (7)
𝐸′
𝐸 ∗ = 𝐸 ′ + 𝑖𝐸 ′′ (8)
η∗ = η′ + 𝑖η′′ (9)
Oscillatory testing with increasing temperature, known as temperature sweeps, measure
the moduli at a constant frequency while varying the sample temperature. The storage modulus is
relatively constant at T < Tg, and similar to thermosets it begins to decline as T ~ Tg . At T > Tg, the
6

storage modulus can plateau in the rubbery region or continue to decrease, which is not observed
in thermosets and is more often observed in thermoplastics. The region above Tg varies depending
on the type of CAN (see Section 1.4 – 1.5). When the modulus begins to deviate from the rubbery
plateau modulus, the temperature at which this occurs is defined as the onset flow temperature,
Tflow.10 The measured rubbery plateau modulus may be used to estimate the average molecular
weight between crosslinks (Equation 10). Rubber elasticity theory states that the equation can only
be applied to lightly crosslinked network polymers, but can be used in highly crosslinked networks
as an estimation. However, an accurate description is only possible if the density of the material is
known. The cross link density, ve, of the material can be similarly estimated experimentally, if the
modulus is constant in the rubbery region plateau and there are no entropic contributions (Equation
11).

𝑀𝑐 =

3𝜌𝑅𝑇
(10)
𝐸′

( Mc = average molecular weight between crosslink chains; 𝜌= density of material)

𝑣𝑒 =

𝐸′
(11)
3𝑅𝑇

Another technique to study the viscoelastic properties of polymers is stress relaxation,
which is the observed time-dependent decrease in stress in response to strain applied to the sample.
Maxwell introduced the idea of viscous flow being the manifestation of the decay of elastically
stored energy. In stress relaxation, a material is instantaneously strained, storing energy in the
material as stress (molecules in higher energy state), until the material flows to dissipate the stress
(molecules decay to lower energy state). The characteristic time for this process to occur is termed
the stress relaxation time, τ. Similar to oscillatory sweeps, stress relaxation measures the change
7

in storage, 𝐺 ′ , and loss, 𝐺 ′′ , moduli with respect to time, t. The relaxation of the stress resulting
from a step strain is a method to observe the diffusive motion of the microstructural elementsmeaning the material classification is dependent on the experimental (observational) time.
Assuming the relaxation mode only occurs via one single Maxwell element, the
characteristic relaxation time can be calculated as the time when residual stress is 1/e or 37% of
the initial stress (Equation 12-13). In more complicated systems when the single Maxwell element
is insufficient, different models can be used such as a power law approach or a stretched
exponential. Thermoplastics have a finite relaxation time, as molecular chains diffuse throughout
the network under stress, which then reform weak physical bonds to establish equilibrium.
Thermosets have a non-finite relaxation time since the crosslinks prohibit large scale chain
diffusion from responding to the stress. Therefore, CANs should exhibit a non-finite relaxation
time at temperatures below the onset of significant dynamic bond exchange, but have a finite
relaxation time above the temperature. Stress relaxation in CANs is a result of bond exchange, if
T>Tg ,which follows an Arrhenius law between the characteristic relaxation time and temperature.
𝑡

𝐺(𝑡) = 𝐺(0)𝑒 −𝜏 (12)

𝑡 = 𝜏;

𝐺(𝑡) 1
=
(13)
𝐺(0) 𝑒

Changing the frequency of the applied oscillatory strain results in different observed timescales responses. At sufficiently high frequencies, both thermosets and thermoplastics are unable
to relax on anything but the very smallest length-scales. Upon decreasing frequency, both materials
are able to relax at size-scales related to segmental motion. Thermoset crosslinks prevent large
scale relaxation and exhibit a modulus plateau that is a function of crosslink density.5
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Thermoplastics also exhibit a plateau upon decreasing frequency, but is a result of molecular
weight between entangled chains. This is qualitatively similar to the plateau observed upon
increasing temperature in temperature sweep measurements. CANs exhibit a combination of
properties, which depend on stimuli present and on the type of CAN (see section 1.4-1.5). To
extend the relaxation spectrum to include long time relaxation processes, time-temperature
superposition principle can be applied, which makes use of the concept that time and temperature
have qualitatively similar effects for viscoelastic materials throughout certain regions of behavior.
Higher frequencies can be used at higher temperatures to predict low frequency behavior at lower
temperatures. The resultant curves can then be shifted by a pre-determined factor to give a master
curve that spans many orders of magnitude of frequencies.
The last technique broadly used for CAN characterization is creep testing, where a constant
stress is applied, and the resulting strain is measured. This measurement is typically applied to
solid-like materials, since creep refers to the tendency for a solid material to slowly deform instead
of flow like liquid-like materials. The measured response in a creep test is usually presented in
terms of the creep compliance, J, which is the ratio of the measured strain to the applied stress, or
inverse modulus at a certain time (Equation 14). The temperature dependence on the creep
compliance of CANs should exhibit thermoset like responses at lower temperatures, but
thermoplastic like responses at higher temperatures. With increasing temperature or at long enough
time scales, CANs reach zero shear viscosity, η0, which is a constant viscosity value typica of shear
thinning fluids. This technique is not as common in the CAN field, but it has gained interest
recently as a method to better distinguish CAN properties.

𝐽(𝑡) =

𝛾(𝑡)
𝛿
9

(14)

1.3 Associative CANs
CANs fall into two broad categories based on the reactions responsible for crosslink exchange:
associative and dissociative (Section 1.4). In an associative process, a free reactive group within
the network undergoes a substitution reaction with an existing crosslink and subsequently releases
the same or a different reactive group
(Figure 1-3). The associative process is a
characteristic
Figure 1-3. Reactive functional group (blue) undergoing
substitution reaction with crosslink (red) by an associative
mechanism.

“vitrimer”

of

recently

materials,

developed

which

exhibit

properties that are attractive for many
high-performance applications.11-12 The term vitrimer was given by their discoverer Ludwik
Leibler, due to the network showing glass-like rheological behavior at elevated temperatures, such
as an Arrhenius dependence on viscosity. These vitrimers exhibit a slow decrease in viscosity with
increasing temperature, opposite to thermoplastics, which lose their dimensional integrity above
their transition temperatures and thus display rapid decreases in viscosity with increasing
temperature. It was originally thought that only associative CANs could exhibit vitrimer-like
properties, but Section 1.5 will discuss recent results contradicting this assumption.
Since associative CANs undergo bond-breaking and bond-forming in a single reaction step
rather than in discrete steps, the system retains constant crosslink density even at very high
temperatures or in the presence of solvent. This results in a viscosity-temperature relationship
similar to vitreous silica and other “strong” glass formers.13 Examples of bond exchange
mechanisms that result in associative CANs (Figure 1-4)

include transesterification(a),

transamination of vinylogous urethanes(b), thiol exchange(c), silyl ether transalkoxylation(d),
diketoenamine exchange(e), olefin metathesis(f), and dioxaborolane metathesis(g) .13-25
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Figure 1-4. Overview of associative exchange reactions and their general mechanism.

Ideally, exchange in associative CANs has no thermodynamic bias for the product or reactant,
resulting in a constant Keq with increasing temperature. Therefore, increasing the temperature only
increases the rate of the reaction. As a result of constant crosslink density, vitrimers exhibit a
11

constant modulus in the rubbery plateau. Vitrimers also exhibit a linear evolution of zero-shear
viscosity with increasing temperature, as a result of the constant cross link density (Figure 1-5).

Figure 1-5 Hypothetical plot of zero shear viscosity and temperature for an associative CAN with constant
crosslink density.

The constant crosslink density limits diffusion of network strands, and therefore the rate of
dynamic crosslink exchange dictates the rate of viscous flow. The relationship between decreasing
viscosity and increasing temperature exhibits an Arrhenius dependence, where the activation
energy determined from the temperature dependence of the relaxation time is termed, kinetic
activation energy, 𝐸𝑎,𝜏 (Equation 15).26 However, Ea,τ in CANs may differ from Ea of small
molecule exchanges that occur by the same mechanism, assuming reactions do not change
mechanisms with increasing temperature. This has been posited to be a result of the polymer matrix
altering network re-configuration or networks with a low fraction of exchange moieties.5,26 Caution
must also be taken when comparing the activation energies of the CAN to thermodynamic
parameters of the corresponding reaction, such as Gibbs free energy. This relation can only be
used as estimation if it is known that the exchange reaction does not occur via multiple, complex
pathways and there are no other entropic considerations in the system.27 Creep experiments can
also calculate the viscous flow activation energy, 𝐸𝑎,𝜂 , as a result of temperature dependence on
zero viscosity (Equation 16). However, most associative dynamic networks exhibit a narrow
12

distribution of relaxation times from the network, enabling the expression to be limited to the main
relaxation time and plateau modulus, G0, if the plateau modulus is constant (Equation 17). In these
materials, the temperature dependence of viscosity and relaxation time is equivalent, as G0 does
not change at different temperatures. Associative networks using epoxy-acid chemistry,
demonstrated comparable values for the two activation energies in rheological experiments (Ea,τ=
80 kJ/mol−1 and Ea,η = 88 kJ/mol-1).12

∗

𝜏 (𝑇) = 𝜏0

𝐸
( 𝑎,𝜏 )
𝑒 𝑅𝑇

(15)

[τ0 = Arrhenius prefactor, R = gas constant; T = temperature]
𝐸𝑎,𝜂

𝜂 ∗ (𝑇) = 𝜂0 𝑒 𝑅𝑇 (16)
𝜂0 (𝑇) ≈ 𝜏 ∗ (𝑇)𝐺0 (𝑇) (17)
Since Ea,τ in associative systems provides predictable temperature-viscosity relationships,
modification of CANs for specific applications can be possible. High Ea values indicate greater
viscosity change with increasing temperatures, while low Ea values show lesser viscosity changes.
Similarly, knowing the Arrhenius prefactor, τ0, can help predict viscous properties of the material.
Associative CANs with a lower τ0 value will relax faster than a network with a higher τ0 value,
given that Ea is the same for both.15 Vitrimers with high Tg exhibit thermoset behavior at room
temperatures, making them more durable and reducing the chance of creep, but result in higher
temperatures for them to be reprocessed.
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So far it has been assumed that Tg is the only temperature transition observed in vitrimers.
However, for viscous flow to occur, the rate exchange must allow sufficient network strand
mobility for deformation to occur. To describe the time-temperature behavior of polymers in the
glass transition region, the Williams-Landel-Ferry (WLF) model can be used. Typically vitrimers
follow an Arrhenius dependence with viscosity, but some vitrimers have been observed to follow
(WLF) scaling of viscosity with temperature in certain temperature ranges, suggesting a
temperature transition besides Tg.28 This temperature transition, termed topology freezing
transition temperature, Tv, is defined as the temperature at which crosslink exchange becomes
sufficiently rapid to enable network reorganization. By convention, Tv is defined as the temperature
when the network reaches a viscosity of 1012 Pa·s.11 Vitrimers thus follow a WLF model similar
to thermoplastics below Tg if Tg > Tv, acting as a glass due to the lack of chain mobility until Tg is
surpassed (Figure 1-6A). When Tv >> Tg, the material acts as a thermoset below Tg ,but above Tg
acting as an elastomer, a thermoset that is above its Tg and does not exhibit WLF scaling with
temperature (Figure 1-6B).

Figure 1-6 A) (Left). Hypothetical Arrhenius plot for a system with T g > Tv. The viscosity follows a WLF model
before entering an Arrhenius fit. B) (Right). Hypothetical Arrhenius plot for a system with T v > Tg Reprinted
with permission from [Adaptable Crosslinks in Polymeric Materials: Resolving the Intersection of
Thermoplastics and Thermosets. Georg M. Scheutz, Jacob J. Lessard, Michael B. Sims, et al ,J. Am. Chem. Soc.
2019, 141, 16181−16196]. Copyright [2019] American Chemical Society.
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Vitrimers that depend on catalysts can lack recyclability as degradation of catalyst occurs over
time and the catalyst can leach over time, creating environmental hazards. However, incorporating
catalysts with different loadings allows better control of viscoelastic properties. Leibler and coworkers demonstrated that increased catalyst loading corresponds to faster stress relaxation.29
Increasing the catalyst loading does not change Ea,τ derived from stress relaxation, but instead
progressively decreases τ0.28 Varying catalyst loads changes Tv, which can be manipulated in
vitrimers to improve creep resistance. Catalysts that rely on Brønsted acids can tune the mechanical
properties of vitrimers by increasing or decreasing the pKa of the acid. Interestingly, Bates and coworkers found that stronger acids in polyester vitrimers led to higher Ea values while also
exhibiting faster stress relaxation when compared to weaker acids.15
1.4 Dissociative CANs
In a dissociative process, the crosslinking functional group is broken into two individual
reactive partners, which then re-form with themselves or with other reactive partners (Figure 1-7).
For reactive moieties to diffuse through the
network, bond breaking must occur, resulting
in a decline of CAN crosslink density. Full
Figure 1-7. Cross link group (red) breaking into two
reactive functional groups and reacting with free
reactive functional group (blue).

recovery of the original network requires all
dissociated crosslinks to react and reassociate.

However, some authors have shown some CANs do not fully reassociate, as chain rearrangement,
vitrification, or crosslink degradation can prevent full network formation.28 This results in a
permanent change in the crosslink density and therefore mechanical properties after processing.
Reactions with dissociative mechanisms (Figure 1-8) include Diels-Alder cycloadditions(a),
triazolinedione

Alder-ene

reactions(b),

hindered
15

urea

exchange(c),

oxime-enabled

transcarbamoylation(d), 1,2,3-triazolium and anilinium transalkylation(e,f), boronate ester and
aminal bond exchange(g), thiol-Michael and aza-Michael reactions(h), radical oligo-sulfide
exchange(i), persistent radical approaches using nitroxide, thionitroxide, or biaryl radicals(j), ringopening metathesis polymerization(k), and guanidine metathesis (l).30-55

Figure 1-8. Overview of dissociative exchange reactions and their general mechanism.
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Dissociative CANs rely on two parameters for their temperature-dependent viscoelastic
behavior: dynamic equilibrium and gel-point temperature. For crosslinks formed as a result of
exothermic reactions, increasing the temperature will shift the equilibrium toward the dissociated
components, resulting in a lower crosslink density. This is observed in temperature sweeps when
the rubbery plateau of the storage modulus begins an onset of decline(Figure 1-9 A). This means
Keq is a parameter needing consideration, in contrast to associative CANs (Equation 18-19).5 At
sufficiently high temperatures these CANs should fully dissociate, resulting in zero crosslink
density i.e. depolymerization of the network, but some CANs have not followed this trend( See
Section 1.5). The crosslink density above Tg varies with frequency and temperature, resulting in a
nonlinear viscosity trend closer to the gel point (Figure 1-9 B). Due to increasing dissociation and
loss of crosslink density, G0 is temperature-dependent in dissociative CANs, meaning relaxation
time and viscosity can exhibit different temperature dependencies. In depth rheological studies
done with 1,2,3-Triazolium networks, exhibited an increase in viscous flow activation energy in
contrast to the trend followed by vitrimers (Ea,τ= 150 kJ/mol−1 and Ea,η = 230 kJ/mol-1).33
𝐴 + 𝐵 ⇄ 𝐴 − 𝐵 (18)

𝐾𝑒𝑞 =

[𝐴 − 𝐵]
𝑘1
=
(19)
[𝐴][𝐵]
𝑘−1

[k1 = forward rate of A-B, = k-1 reverse rate of A-B]
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Figure 1-9 A) Temperature sweep plot of urea based dissociative CAN with onset of depolymerization over a
range of temperatures, reprinted with permission from [Effect of Sterics and Degree of Cross-Linking on the
Mechanical Properties of Dynamic Poly(alkylurea−urethane) Networks, Longhe Zhang, Stuart J. Rowan,
Macromolecules, 2017, 50, 5051−5060.]. Copyright [2017] American Chemical Society (Left). B)
Hypothetical plot of viscosity and temperature of dissociative CAN, resulting in a nonlinear trend with
increasing temperature with non-constant crosslink density.

As a consequence of depolymerization, dissociative CANs undergo reverse gelationmeaning it transitions from an infinitely large macromolecule (gel) to a system with finite branched
polymers (sol). The transitions from sol-gel systems, known as the gel point conversion, can be
calculated using the Flory−Stockmayer equation (Equation 20).56,57 The gel-point conversion can
also be determined experimentally through chemorheology by applying the Winter-Chambon
criterion. The criterion states that the viscous and elastic moduli follow identical power law
frequency scaling at the gel-point (Equation 21), for ω < 1/τ0 where τ0 is the characteristic
relaxation time of the smallest molecular species (Figure 1-10).27 The Winter-Chambon criterion
defines the gel-point as the conversion where tan(𝛿) = 1=E"/E' for all frequencies or it can be reexpressed in terms of the ratio of the viscous to elastic modulus where at the gel-point,
demonstrates frequency independence. (Figure 1-10).

𝑝𝑐 =

1
(20)
{𝑟(𝑓𝑎 − 1)(𝑓𝑏 − 1)}1/2
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𝐺 ′ (𝜔)~𝐺 " (𝜔)~𝜔" (21)
[pc = critical gel point conversion, r = stoichiometric ratio of functionality a to b, f = degree of
functionality of molecules containing a and b]

Figure 1-10. Plot of visocous (white) and elastic (black) moduli with increasing frequency. At temperatures near
the gel point (T~Tgel), the viscous and elastic moduli follow similar scaling. Reprinted with permission from [.
Covalent Adaptable Networks (CANs): A Unique Paradigm in Cross-Linked Polymers, Christopher J. Kloxin,
Timothy F. Scott, Brian J. Adzima, et al, Macromolecules 2010, 43, 2643-2653]. Copyright [2010] American
Chemical Society.

The temperature-dependent crosslink density attributed to the dynamic equilibrium, results
in a new parameter termed Tgel.5 Tgel is the temperature at which the CAN transitions from a solidlike crosslinked network to a liquid like non-cross linked network, since as the temperature
increases, the dynamic bond lifetime decreases, and the equilibrium shifts to generate more free
species, (Equation 22). In other words, Tgel is the temperature at which the critical gel point is met,
such that the equilibrium conversion peq= pc. This should not be confused with Keq ≤ 1. At
temperatures above the gel point, T > Tgel, the presence of dynamic crosslinks have little effect on
the material response, and the viscoelastic properties are dominated by main chain segments. At
temperatures around the gel point, T ≈ Tgel, the system begins to exhibit longer relaxation times.
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At temperature below the gel point, T < Tgel, full relaxation of the network can only occur via
reversible crosslink dissociation, which dictates viscous flow.58

𝑇𝑔𝑒𝑙 =

∆𝐻
(22)
∆𝑆 − 𝑅𝑙𝑛𝐾𝑒𝑞

Interestingly, dissociative CANs at T < Tgel tend to exhibit higher activation energy in stress
relaxation compared to their small molecule exchange reaction, given T >> Tg. This property was
predicted by the Semenov-Rubenstein (SR) model of thermoreversible gelation in highly
crosslinked polymers.59.60 The Semenov-Rubenstein model of thermoreversible gelation considers
the dynamics of a network that contains reactive pairs that can dissociate and re-associate with
other partners in the network. The dynamics are governed by 1) the effective energy of a bond
between two pairs (εkBT) 2) and the activation energy corresponding to the bond formation(εakBT).
In other words, the model dynamic properties of these systems are crucially dependent on ΔH of
the association reaction and Ea of the dissociation reaction.
The relaxation behavior and Ea,τ derived from it are critically dependent on two factors: the
distance of the network from the gel point and the effective lifetime of dynamic crosslinks, which
is governed by both the thermodynamics and kinetics of the reversible dissociation reaction. At
conversions far above the gel point the longest relaxation time is determined by dissociation of a
crosslink to its constituent components and their finding different coupling partners to reorganize
the network, such that effective lifetime, τ, has a longer lifetime than the associated species τb. τ is
defined as the mean time during which at least one of the dissociated species will find a new
partner. This increases the effective lifetime of the crosslink above that of a single isolated reactive
pair, as restricted diffusion can cause the same components to dissociate and recombine over many
cycles before the network topology is finally changed, because the concentration of dissociated
20

fragments is low and their diffusion is restricted by the crosslinked network. The manner in which
these terms are affected by crosslinking and gelation is determined by Rouse-Zimm dynamics and
varies with respect to distance from the gel point. Far above the gel point conversion, this effect
of Rouse-Zimm dynamics manifests as a factor of 1.5 that effectively increases ΔH for highly
crosslinked networks (Equation 23). High above the gel point the viscosity starts to increase, being
proportional to a power of the distance to the gel point. At low frequencies the viscosity is governed
by the lifetime of the reversible bonds and at the higher frequencies the viscosity is much lower
and does not depend either on the distance to the gel point or on the association energy.
𝐸a,τ = 1.5𝛥𝐻rxn + 𝐸a,a (23)
1.5 Vitrimer-like Dissociative CANs
Initial theories of dissociative CANs suggested that the increasing temperature would result
in a fully decrosslinked system. This would result in an onset drop in the rubbery plateau modulus
and eventual de-crosslinking altogether, in contrast to the constant modulus in the rubbery plateau
associated with vitrimers. However, some authors have demonstrated dissociative CANs to exhibit
vitrimer-like properties.35,38,42,44 These materials exhibited a rubbery plateau of constant modulus
after the glass transition. The current hypothesis suggests that at temperatures where a constant
rubbery plateau is observed, Keq of the crosslink dissociation step is relatively invariant and/or
crosslink association is greatly favored since the modulus can be related to the crosslink density
of the network(see Section 1.3).26,61-63
As discussed above, associative CANs possess an Arrhenius scaling relationship of
relaxation time with temperature in the rubbery plateau region. This was initially thought to be a
unique property of vitrimers; however recent work showed through stress relaxation experiments
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that some dissociative CAN networks also possessed this feature. This means that thermoreversible
dissociative CANs have an Arrhenius temperature dependence of viscosity and stress relaxation
times, if T << Tgel. Angell fragility plots also show that in heating some dissociative CANs, the
viscosity decreases linearly with temperature due to the Arrhenius law, similar to some vitrimers.
Observation of Arrhenius stress relaxation therefore is insufficient of evidence of an associative
crosslink exchange mechanism versus a dissociative mechanism. SR theory (Section 1.4) suggests
that within a certain temperature range below Tgel, where network integrity is maintained with a
sufficient crosslink density, stress relaxation is governed by bond exchange, and therefore
dissociative CANs can exhibit properties resembling associative CANs.
To properly compare the linear rheological characterization of associative and dissociative
networks, it was proposed that using small amplitude oscillatory shear measurements in
combination with stress relaxation and creep analysis could enable a universal method for
characterization of the dependence of both the relaxation time and the crosslink density with
temperature.26 This method distinguishes the temperature dependence of stress relaxation times
and overall viscosity between different types of CANs. The use of time-temperature superposition
in this method may also enable proper fitting of stress relaxations in the case of more complex
systems, such as those that operate by competing associative and dissociative mechanisms. This
method can also differentiate the temperature dependence of viscous flow and the kinetic activation
energy, since associative CANs have similar activation energies and dissociative CANs will differ
as a result non-constant crosslink density.
It has been assumed that the reaction mechanisms in both dissociative and associative
CANs are constant as a function of temperature. However some authors have found the mechanism
of bond exchange in CANs to change as a function of temperature. Du Prez and coworkers studied
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perfluoropolyethers bearing chain-end β-ketoester amines, where excess amine stoichiometry was
used.64 They observed the excess amine led to a dual temperature response in stress relaxation
experiments. When plotting the Arrhenius relationship they found the kinetic Ea to be 70-76 kJ/mol
below ~125°C, but above 125 °C the kinetic Ea was 99-141 kJ/mol. It was hypothesized that this
response is due to a change in mechanism, from a lower energy pathway involving transamination
via an activated iminium intermediate to a higher energy pathway involving transamination via the
more commonly cited conjugate addition reaction to the enaminone (Figure 1-11).

Figure 1-11. Plot of characteristic relaxation time vs temperature for β-ketoester amines. No change in linear
trend without excess amine (Black). Dual viscosity profile when excess amine is introduced to system (Red,
Blue). Authors propose β-ketoester amines undergo iminium type mechanism at lower temperatires and a
michael-type pathway with increasing temperatures. Reprinted with permission from [Fluorinated Vitrimer
Elastomers with a Dual Temperature Response. Marc Guerre, Christian Taplan, Renaud Nicolaÿ, et al J. Am.
Chem. Soc. 2018, 140, 13272−13284.]. Copyright [2018] American Chemical Society.

1.6 Future Outlook
CANs have potential to replace many plastic materials that are not recyclable or reprocessable. Development of novel exchange reactions will expand the library of materials and
their possible applications in various fields. Research in novel reactions should be conducted in
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conjunction with thorough rheological characterization. Incorporation of crosslinks that improve
the mechanical properties of CANs, while not inhibiting their re-processability should be studied.
CAN synthesis/methodologies should consider the commercial availability, which is ultimately
important for incorporation of CANs into industrially useful materials. CANs bearing multiple
dynamic chemistries could also lead to unique properties. This may be possible with
chemoselective/bio-orthogonal chemistries or with incorporation of thermal and UV-sensitive
chemistries.
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Chapter 2. Guanidine-Based CANs
2.1 Background
Heteroallenes are compounds with two or more consecutive double bonds with a central
carbon and heteroatoms on the end.65-66 They are useful in synthetic chemistry due to their
reactivity with nucleophiles under mild conditions. Carbodiimides are a class of heteroallenes with
the general N=C=N structure. Carbodiimides are isoelectronic with other allenic structures such
as carbon dioxide and isocyanates, yet carbodiimides are less electrophilic than their oxygencontaining counterparts and have relatively nucleophilic heteroatoms.67 Carbodiimides possess
axial chirality, but nitrogen lone pairs undergo inversion through planar transition states, resulting
in racemic mixtures (Figure 2-1).68

Figure 2-1. Axial chirality of carbodiimides.

Carbodiimides can be synthesized by a variety of methods.69-71 Thioureas and ureas are the
most common precursors due to their facile synthesis and transformation into asymmetric
carbodiimides. Thioureas react with metal/metal oxides, acid halides, or chloropyrimidines,
resulting in de-sulfurization to yield carbodiimides(Figure 2-2a). Dehydration of ureas can be
accomplished by phosphine derivatives and chloropyrimidines (Figure 2-2b). Phospholene oxide
catalysts can generate carbodiimides via isocyanates for symmetrical carbodiimides (Figure 2-2c).
Thermolysis of isocyanates or isothiocyanates with carbodiimides results in an equilibrium
between species and can favor higher molecular weight carbodiimides by removing isocyanate
through distillation.
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Figure 2-2. Three main routes for the synthesis of carbodiimides. A) Desulfurization of thioureas B)
Dehydration of urea C) Catalyst mediated transformation of isocyanates.

Although carbodiimides contain electron-rich nitrogens, the majority of their reactivity is
based on the central electrophilic carbon. Nucleophilic additions may add by stepwise or concerted
paths, with the mechanism depending on the nucleophilicity of the attacking species. The reaction
occurs by interaction of the highest occupied molecular orbital of the reagent and the lowest vacant
orbital on the carbodiimide (π*), which has a large coefficient on the central carbon. They can
undergo electrocyclic reactions with themselves or with other π-systems to form dimers/trimers,
but is generally difficult to control the diastereo- or enantioselectivity.59 The most common
application of carbodiimides has been for peptide and nucleotide coupling reactions.59 They have
also been incorporated into polymeric materials after the work from Campbell et al. using
phospholene oxide catalysts.71
We were interested in nucleophilic additions using carbodiimides with amines to yield
guanidines for facile post-polymerization modifications (Section 3.2) and for covalent adaptable
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networks. Synthesis of N,Nʹ,Nʺ-trisubstituted guanidines typically requires metal catalysts or
strong acids for di-alkyl carbodiimides.72 We explored a catalyst-free method for the synthesis of
N,Nʹ,Nʺ -trisubstituted guanidines using di-aryl carbodiimides. Inspired by exchange reactions of
adducts between carbodiimides and N-heterocyclic carbenes, we sought to examine similar
reactivity of N,Nʹ,Nʺ -trisubstituted guanidines for CAN applications.73,74 Previous guanidine
exchange reactions were very limited in scope and required the use of air- and water-sensitive
transition metal catalysts.75 We explored the catalyst-free guanidine metathesis through elevated
temperatures under inert conditions.
2.2 Small Molecule Studies
Prior to studying the applications of carbodiimides in polymeric materials, we examined
their reactivity in small molecule systems. Initial experiments with di-isopropyl carbodiimides did
not react with alkyl amines without a catalyst, as expected from previous experiments. We then
set out to synthesize di-aryl carbodiimides and study their reactivity with alkyl and aryl amines.
P-tolyl isocyanate mixed with 3-methyl-1-phenyl-2-phospholene 1-oxide at elevated temperatures
produced p-tolyl carbodiimide. P-tolyl carbodiimide reacted with primary aryl amines yielded no
change at room temperature and underwent side reactivity at elevated temperatures, which could
be self-polymerization of the carbodiimides or dimerization.69 Using a more nucleophilic amine,
P-tolyl carbodiimide reacted quickly with alkyl amines at room temperature in THF to yield the
N,Nʹ,Nʺ-trisubstituted guanidines (1 and 2) (Figure 2-3). The conversion of p-tolyl carbodiimide
to the N,Nʹ,Nʺ-trisubstituted guanidine was monitored by IR, through the disappearance of the
distinct 2100 cm-1 carbodiimide stretch. IR data showed that the CDI stretch was absent 5 minutes
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after the addition of the benzylic amine (Appendix 1). Observationally, the reaction was fairly
exothermic given the amount of material used.

Figure 2-3. Synthesis of 1,2.

We hypothesized that the N,Nʹ,Nʺ-trisubstituted guanidines 1 and 2 should be able to
undergo transamination. We subjected a mixture of 1 with benzyl amine in a nitrogen atmosphere
to various temperatures. Above temperatures of 130 °C, NMR analysis showed the presence of 2,
along with other products, which were suspected to be 3 and 4 (Figure 2-4).55 The NMR of the
reaction mixture with the discrete synthesis of 2 matched accordingly (Appendix 2). GC-MS
analysis confirmed four distinct species in the reaction mixture, with the molecular weight
corresponding to 1-4 (Appendix 3). Three amine species were detected through GC-MS and NMR,
which contained p-toluidine, benzyl amine, and 4-methylbenzyl amine. The unexpected presence
of p-toluidine suggested possible mechanisms to generate products 3 and 4. We subjected
guanidines 1 and 2 alone to elevated temperatures to monitor degradation or side reactivity.
Interestingly, heating 1 led to 3 and 2 to 4 based on1NMR and GC-MS analysis, suggesting that
the metathesis could occur in the absence of an added amine reagent. In both cases, p-toluidine

55 Figures reprinted with permission from [Thermal Guanidine Metathesis for Covalent Adaptable Networks,
Alberto J. Melchor Bañales, Michael B. LarsenACS Macro Letters, 2020, 9 (7), 937-943]. Copyright [2020]
American Chemical Society
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was detected, implicating the transformation to occur by a dissociative
process, in which two
*
distinct carbodiimides could be formed in heating 1 or 2 alone.
1–4
aryl-CH3

*
1 – 4, BnNH2,
4-MeBnNH2
aryl C-H

N-H

N-H

Figure 2-4. Assignment of distinctive resonances of components present in 1H NMR spectrum (500 MHz,
CDCl3) of TGM reaction after equilibration. Definitive assignments for some resonances are not possible due to
overlapping signals, notably the aryl C-H and aryl-CH3 regions as indicated above. * = internal standard (1,3,5trimethoxybenzene).
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We set out to discretely synthesize 3 and 4 to verify their occurrence in the NMR/GC-MS
of the reaction mixture. We chose to synthesize N-alkyl, Nʹ-aryl carbodiimides as precursors to
observe their reactivity in the presence of primary alkyl amines. Synthesis of these asymmetrical
carbodiimides is not possible with the previous method using phospholene oxide. Instead
dehydrosulfurization of thioureas was conducted using Mukaiyama’s reagent. Reaction of
benzylic amines with aryl isothiocyanates yielded N-alkyl, Nʹ-aryl thioureas at room temperature.
The thiourea mixed with Mukaiyama’s reagent and triethyl amine in DCM yielded the
asymmetrical carbodiimides 5 and 6 (Figure 2-5). IR analysis showed the carbodiimide stretch at
2100 cm-1, and NMR and GC-MS provided further support for the existence of the N-alkyl, Nʹaryl carbodiimides.

Figure 2-5. Synthesis of 3,4.

Addition of benzylic amines to the N-alkyl, Nʹ-aryl carbodiimides in THF at room
temperature yielded the N-aryl, Nʹ-alkyl, Nʺ-alkyl guanidines 3 and 4 in an vigorous exothermic
manner similar to 1 and 2. IR analysis showed the absence of the CDI stretch at 2100 cm-1 after 5
minutes, similar to N-aryl, Nʹ-aryl carbodiimides. NMR analysis showed the discretely synthesized
guanidines matched accordingly to the experiments of heating 1 and 2 alone (Appendix 4-5). GCMS analysis also matched the results from our thermal guanidine metathesis studies. This supports
our hypothesis that the guanidine transformation occurred by a dissociative process. We
hypothesize that the reaction goes through a carbodiimide intermediate, where an alkyl-aryl and
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aryl-aryl carbodiimide intermediates are generated and react with a free generated amine (See
Section 2.2.1). The path that generates these two carbodiimide species generates both an alkyl and
aryl amine, which were both detected in the heating of 1 and 2 alone.
To determine whether the reaction reached equilibrium, we subjected 1 with benzyl amine
at different temperatures for an extended time period. The reaction reached equilibrium at different
temperatures, after which there was no significant change in composition. The time to reach
equilibrium varied with temperature (Figure 2-6). Higher initial concentrations of benzyl amine
resulted in lower percentage of 1 at equilibrium as expected if the reaction is reaching equilibrium.
Running the reaction from the opposite direction, i.e. beginning with 2 and 4-methylbenzyl amine
also led to a comparable reaction composition after the same amount of time at 170 °C (Appendix
6). This assumes that the reversibility of 3 and 4 is equivalent to 1 and 2.

Figure 2-6. Remaining guanidine 1 as a function of time upon heating at specified temperatures with varying
amounts of initial amine. Approximate equilibrium composition with 1 initial equiv. of amine is marked as a
dashed line.
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To determine if N-aryl, Nʹ-alkyl, Nʺ-alkyl guanidines were thermodynamic sinks, we
subjected them to elevated temperatures in the presence of a benzylic amine. This resulted in
exchange, suggesting the TGM activation energy is roughly the same for the two types of
guanidines (Appendix 7). While 3 and 4 can undergo TGM, it is unknown whether these species
can be transformed back to 1 or 2 , as the reaction must be initiated from 3 or 4 to reach the same
equilibrium mixture from previous experiments. In this scenario, 1 and 2 may be metastable
species, meaning the formation of 3 and 4 are thermodynamic products that undergo TGM between
themselves. Ongoing investigations are being conducted to provide further insight into the
reversibility of N-aryl, Nʹ-alkyl, Nʺ-alkyl guanidines to N-aryl, Nʹ-aryl, Nʺ-alkyl guanidines.
To examine the kinetics of the exchange process, 1 and benzylamine were used as the
model system and trimethoxybenzene was used as a reference standard, since no degradation or
side reactivity occurred at elevated temperatures. Kinetic studies of the reaction were conducted
in triplicate in solventless conditions using the method of initial rates at three different
temperatures in a 1:1 guanidine:amine ratio. A 1:2 guanidine-amine ratio experiment was
conducted at one temperature in triplicate to examine the order of the reaction. The change in
concentration of 1 was monitored via 1H NMR using the benzylic peak of 1 (4.48 ppm).
The reaction rate appears independent of amine concentration, as doubling the
concentration of benzyl amine has no significant effect on k (Appendix 8). Plots of ln([1]initial/[1])
versus time of the reaction at various temperatures were used for linear best fit to calculate k
(Appendix 9). Kinetic data revealed the reaction to be first order with respect to guanidine and the
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Figure 2-7. Arrhenius plot derived from kinetic experiments. The calculated ln(k) from each individual experiment
is shown on the plot, and Ea was calculated from dashed line of best fit.

2.2.1 Kinetic Model
Our current hypothesis is that the TGM reaction occurs by a dissociative mechanism in
which the rate determining step is guanidine reversion to CDI and amine followed by attack of a
second amine. To justify our hypothesis, we developed a kinetic model of the reaction. We limit
our discussion to one exchange of 1 to form 2 (Figure 2-8). Although the formation of 2 is
ultimately a reversible process, [2] is low under the initial rate conditions probed in our kinetic
experiments. Thus, the second reaction is effectively irreversible under the circumstances; this also
applies to formation of guanidines 3 and 4.
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Figure 2-8. Reaction scheme of proposed dissociative mechanism.

The rate of change in [1] for a first order reaction is the reversible formation of CDI and
A1 (Equation 24). If we assume that the carbodiimide intermediate is consumed as soon as it is
formed, we can apply the steady-state approximation, where [CDI] is negligible at all times
(Equation 25). This also implies that the rate determining step is the formation of the CDI such
that k1 << k-1 ≈ k2 (Equation 26). Under initial rate conditions, [1] ≈ [A2] and [A2] >> [A1], the
system will follow Le chatelier's principle, hence 𝑘−1 [𝐂𝐃𝐈][𝐀 𝟏 ] is negligible (Equation 27). The
reaction rate is thus only dependent on [1] and independent of [A2], in line with our experimental
results. The hypothesized dissociative mechanism also accounts for the observation that heating 1
alone results in formation of 3, as formation of an asymmetric CDI (aCDI) is possible upon
dissociation (Figure 2-9).

−

𝑑([𝟏])
= 𝑘1 [𝟏] − 𝑘−1 [𝐂𝐃𝐈][𝐀 𝟏 ] (24)
𝑑𝑡

𝑑([𝐂𝐃𝐈])
= 0 = 𝑘1 [𝟏] − 𝑘−1 [𝐂𝐃𝐈][𝐀 𝟏 ] − 𝑘2 [𝐂𝐃𝐈][𝐀 𝟐 ] (25)
𝑑𝑡
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[𝐂𝐃𝐈] =

−

𝑘1 [𝟏]
(26)
𝑘−1 [𝐀 𝟏 ] + 𝑘2 [𝐀 𝟐 ]

𝑑([𝟏])
= 𝑘1 [𝟏] (27)
𝑑𝑡

Figure 2-9. Proposed dissociative mechanism based on heating 1 alone.

A plausible alternative mechanism that proceeds by an associative pathway is presented
below, in which the rate determining step is attack of A2 to form Int (Figure 2-10).The rate of
change in this mechanism for [1] is reversible formation between 1 and A1 to form Int (Equation
28-29). We apply the steady-state approximation to [Int] and assume k1 << k-1 ≈ k2 (Equation 30).
Since [Int] is negligible, 𝑘−1 [𝐈𝐧𝐭]is negligible as well (Equation 31). This conflicts with our
experimental results, in which −

𝑑([𝟏])
𝑑𝑡

is independent of [A2]. The reaction rate, −

𝑑([𝟏])

is thus more applicable to the TGM reaction, consistent with a dissociative pathway.

−

𝑑([𝟏])
= 𝑘1 [𝟏][𝐀 𝟐 ] − 𝑘−1 [𝐈𝐧𝐭] (28)
𝑑𝑡
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𝑑𝑡

= 𝑘1 [𝟏],

𝑑([𝐈𝐧𝐭])
= 0 = 𝑘1 [𝟏][𝐀 𝟐 ] − 𝑘−1 [𝐈𝐧𝐭] − 𝑘2 [𝐈𝐧𝐭] (29)
𝑑𝑡
[𝐈𝐧𝐭] =

−

𝑘1 [𝟏][𝐀 𝟐 ]
(30)
𝑘−1 + 𝑘2

𝑑([𝟏])
= 𝑘1 [𝟏][𝐀 𝟐 ] (31)
𝑑𝑡

Figure 2-10. Reaction scheme of possible associative mechanism.

If the kinetic model is correct, it implicates that there should be a fifth guanidine species in
which carbodiimide intermediates 5 or 6 could further react with benzylic amines to generate a
different guanidine species 7 (Figure 2-11). Therefore, 7 was explicitly synthesized by reacting 5
and benzyl amine. As suspected, 7 had very similar benzylic shifts as 3 and 4 and the same tolyl
peaks as 1, while also having the same molecular weight as 1, making it difficult to detect.
Therefore, we cannot rule out its formation under these conditions, although it was also not
definitively detected. However this further suggests the reaction to follow a dissociated pathway,
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since the pathway to 7 requires two transformations, resulting in lower initial concentrations
making it difficult to detect in GC-MS.

Figure 2-11. Pathway transformation guanidines with 3 possible carbodiimide intermediate. 7 should be
possible from two possible carbodiimide intermediates

Experiments to elucidate the intermediates have been unsuccessful. A trapping mechanism
was attempted by introducing a carboxylic acid compound at the elevated temperatures, which
would react with a carbodiimide intermediate. However carboxylic acids undergo several side
reactions under our conditions, making the NMR unable to be interpreted.80 Alcohols also undergo
side reactions at elevated temperatures, as the intermediate o-alkyl isourea is an alkylating agent.81
An experiment quenching the reaction with liquid nitrogen to vitrify the material and studying the
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composition by IR also proved to be inconclusive, as the material quickly started to melt at room
temperature. Variable temperature FTIR spectroscopy of the guanidine reaction could be used to
detect and quantify carbodiimide concentrations if the mechanism proceeds in a dissociative
manner, but access to such instrumentation is currently unavailable.
2.3 Crosslinked Network Synthesis
Based on kinetic studies, the activation energy of the guanidine exchange reaction was in
the range of previous CANs. Therefore we set out to synthesize crosslinked networks with the
reversible guanidine moieties as the cross link chains to determine if the material could be
reprocessed. The reactivity of carbodiimides in our small molecules proved to be useful as the
transformation between polycarbodiimide and an alkyl amine yielded the desired polyguanidine
at room temperature within less than 30 minutes. The synthesis of network polymers requires
components with multiple functionalities in order to form a percolating macromolecule. Typically,
monomers with functionality of ≥ 3 are sufficient to form a cross linked network. Our first attempt
at a crosslinked network with high Mw polycarbodiimides yielded poor results, as the carbodiimide
stretch remained present in IR analysis even after crosslinking with a stoichiometric excess of
amine functionalities. This may be due to the rapid kinetics of the aryl carbodiimide and primary
alkyl amine reaction, leading to “vesicle” coating on the external phase of the polymer while
leaving the interior unreacted.
To circumvent the rapid gel formation, we sought to synthesize oligocarbodiimides with a
lower degree of functionality. To limit the degree of polymerization (n), we reacted
monoisocyanates with diisocyanates in a 3:1 ratio (Figure 2-12). Optimization of reaction
conditions provided oligomeric CDI 8 on a 20-gram scale, with naverage = 1.4 – 1.8 by 1H NMR
end group analysis (Appendix 10). Together with the CDI-containing endgroup, the oligomer
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possesses an average of 2.4-2.8 CDI functionalities per molecule. Combination of solutions of 8
and tris(2-aminoethyl)amine resulted in rapid guanidine formation and crosslinked network 9
precipitated from solution (Figure 2-12). The guanidine formation was relatively slower with the
oligocarbodiimide compared to the polycarbodiimide with the disappearance of CDI band in IR
indicating successful crosslinked network formation (Appendix 11). Sol:gel experiments of 9 with
varying reaction stoichiometries showed a 1:1 stoichiometry of CDI:amine to be optimal, with gel
fractions of approximately 90% (Appendix 12).

8
Figure 2-12. Synthesis of oligomeric CDI 8.

Preliminary evidence for the dynamic nature of the crosslinked polymer was obtained by
solubility studies. Upon heating 9 to 170 °C for 30 min in DMF with benzyl amine, 9 fully
dissolved and formed oligomers 10 by the TGM reaction (Figure 2-13). Interestingly, without
benzyl amine 9 remained intact even after heating at 170 °C for 18 h. Typical dissociative CANs
dissolve either in the presence of a monofunctional exchange partner or after prolonged heating in
inert solvent, as crosslinks thermally dissociate, and chains migrate in solution. Our contrasting
observation could be as a result of Keq favoring guanidine formation or solubility issues limiting
chain diffusion.
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8

DMF+BnH2:
Oligomers 10

9

DMF: 9 remains

10
Figure 2-13. Synthesis and thermolysis experiments of guanidine-crosslinked networks. Combination of 8 (naverage
= 1.4 – 1.8) with tris(2-aminoethyl)amine results in crosslinked network 9. In DMF with excess benzyl amine at
170 °C, 9 undergoes TGM and dissolves to oligomers (images at right); 10 does not dissolve under identical
conditions with no added amine.

2.4 Viscoelastic Properties
After synthesis, 9 was melt pressed into rectangular samples for thermal and rheological
characterization at 155-165 °C for 20 minutes. Melt pressing at this temperature induced no
significant changes in the ATR-IR spectrum of processed samples compared to the as-synthesized
network (Appendix 13). DSC analysis revealed a broad endotherm centered at ~130 °C attributed
to the Tg (Appendix 14). Despite a relatively low initial degradation temperature as measured by
TGA (Appendix 15), no significant mass loss was observed upon isothermal heating at 160 °C for
two hours (Appendix 16).
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Temperature sweeps indicated a storage modulus Eʹ of 1.8 – 2.2 GPa under ambient
conditions and a relatively constant Eʹ of 15 – 20 MPa in the rubbery plateau (Figure 2-14a).
Samples could be broken into pieces and remolded into the same original shape and exhibit
relatively constant temperature sweep data, supporting the dynamic nature of the guanidinecrosslinked polymers. The remolded samples did not show significant changes in their ATR-IR
spectra, further implicating the guanidine CAN could be reprocessed without degradation
(Appendix 16). Tg values ranged from 135 – 145 °C, as calculated by tan δ (see equation 7), which
is consistent with DSC data (Figure 2-14b). Tan δ peak is assumed to be Tg for convenience, but
Tg is a broad transition rather than just a single temperature, therefore the variation from the
remolded samples is not indicative of significant degradation. The variation in the temperature
sweeps and tan δ instead, may be a result of sample mold variation. Further research is required to
understand the change in Tg of remolded samples.Compiled rheological data from DMA
temperature sweep experiments available in Appendix 17.
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Figure 2-14. Rheological characterization of guanidine-crosslinked polymers. a) DMA thermograms of Eʹ
versus temperature upon reprocessing a sample of 8 up to three times. b) tan δ versus temperature for the same
reprocessed samples; Tg is taken as the maximum of tan δ. c) Normalized stress relaxation data for a sample of 8
at different temperatures. Dashed line indicates G/G0 = 1/e (~0.37). d) Arrhenius plot derived from stress
relaxation experiments. Relaxation times were calculated by fitting non-normalized stress relaxation data to a
stretched exponential model (Appendix 18). ln(τ*) from each experiment is shown on the plot, and Ea was
calculated from the dashed line of best fit.

We subjected the material to decrosslinking after three reprocessing cycles using excess
benzyl amine, where NMR analysis showed the molecular structure remained largely intact with
no significant degradation (Appendix 19). While it is possible for the carbodiimides to undergo
side reactions based on small molecule studies, such as dimerization, the material did not exhibit
signs of such reactivity based on rheological data (Figure 2-14a). Rowan and co-workers found
that isocyanates exhibit irreversible dimerization, at elevated temperatures, which was observed
when temperature sweeps did not show a second onset drop.38
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Stress relaxation experiments were performed by applying a constant strain of 1% at
temperatures well above the Tg. The lowest temperature conducted stress relaxation was 165 °C,
approximately 20 °C higher than the highest measured value of Tg. The trend in τ* versus
temperature was consistent, suggesting the material to be in the rubbery plateau.33 The initial G0
value was the first measured data point after application of 1% strain. Samples of 9 demonstrated
an Arrhenius temperature dependence of τ* above Tg, similar to previous dissociative CANs
discussed in Section 1.5 (Figure 2-14c).However, we determined that estimating the characteristic
relaxation time as G/G0 = 1/e was not applicable, as stress relaxation did not follow a single
exponential decay. The one single Maxwell element can be the case for very slow bond exchange
chemistries, but most polymer materials show a distribution of different relaxation modes.17 Nonnormalized stress relaxation data modeled using a stretched exponential exhibited the best fit to
extract the characteristic relaxation time τ* (Appendix 21).
An Arrhenius plot from the dashed line of best fit of ln(τ*) versus inverse temperature
calculated the Ea = 130 ± 16 kJ/mol (Figure 2-14d). Conversion of the obtained τ* values to
viscosities (η) via Maxwell relations enabled determination of the topology freezing temperature
(Tv). Tv is defined as the point at which viscosity η = 1012 Pa·s, Using the mean value of Eʹ at 170
°C as measured by DMA (17.4 MPa), and provides τ* = 1.7 × 105 s at this viscosity (Equation 32).
The linear best fit of the Arrhenius plot was solved giving T = Tv = 93 °C, which is significantly
below Tg (Equation 33). Therefore, we constructed an Angell fragility plot by normalizing to Tg,
revealing a linear dependence of viscosity on temperature comparable to other demonstrated
vitrimers and vitrimer-like CANs (Appendix 22).
𝜏∗ =

3η
(32)
𝐸′
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1000
) − 30.59 (33)
ln(𝜏 ∗ ) = 15.67 (
𝑇
Ea calculated from stress relaxation experiments is significantly higher than that observed
in our small molecule studies,130 ± 16 kJ/mol versus 76 ± 7 kJ/mol respectively, which has been
observed in other CAN systems.17 As the small molecule kinetic experiments were conducted in
bulk, we do not anticipate this discrepancy to be solely due to solvent effects as the local
environments in the two scenarios are similar. The increase activation energy is consistent with
key aspects of the Semenov-Rubinstein model of thermoreversible gelation of highly crosslinked
networks (see Chapter 1.4).
However, additional thermodynamic parameters of the TGM reaction such as Keq and
equilibrium conversions at different temperatures are needed for a more robust comparison with
S-R theory, since a key aspect of the model is that the dynamic properties of these systems are
crucially dependent on ΔHrxn and Ea,a. The former being the enthalpic difference between the
dissociated and associated states and the latter being the activation energy for the association
reaction. The apparent activation energy Ea,τ calculated by stress relaxation measurements of these
systems is a contribution of two independent ΔHrxn and Ea,a terms. Both ΔHrxn and Ea,a are thus far
experimentally undetermined for the TGM reaction; the measurement of Keq at different
temperatures has proved particularly difficult, which makes both ΔHrxn challenging to determine.
2.5 Modified Guanidine Studies
Further exploration of the TGM reaction has been started, specifically investigating the
effects of electronics and sterics on the TGM reaction. We expect the kinetic data to be applicable
to the stress relaxation dynamics in potential CANs. By further understanding TGM reactivity and
its role in the CAN, we hope to provide an in-depth analysis for further applications.
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To study the electronic effects in TGM reactivity, we synthesized carbodiimides with
electron donating groups (EDGs) 11 and electron withdrawing groups (EWGs) 12. We
hypothesized that introducing EDG would result in a more stable carbodiimide intermediate,
lowering the activation energy, and ultimately increasing the rate constant of reaction. In contrast
to EDGs, we hypothesized EWGs to behave opposite due to a less stable carbodiimide
intermediate, resulting in a decrease exchange rate. Two isocyanates were selected:4methoxyphenyl isocyanate and 4-triflourophenyl isocyanate and heated in the presence of
phospholene oxide catalyst to yield 11 and 12 respectively (Figure 2-15). Both carbodiimides
underwent rapid transformation with benzylic amines (13-16) in THF at room temperature under
15 minutes, suggesting electronics of both carbodiimides do not significantly affect guanidine
formation with these amines. Heating the newly formed guanidines individually resulted in an
exchange similar to 1 to 3 and 2 to 4.

Figure 2-15 Synthesis of 11-16 .
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We subjected both guanidines to similar kinetic experiments as our original TGM reaction.
We found k of the methoxy guanidine to be in the same range as the original TGM reference at
150 °C and 170 °C (Appendix 23). Meanwhile, the trifluoro guanidine proved to be difficult to
quantify by 1H NMR, as the benzylic peaks between 15 and 16 overlapped, leading to inaccurate
results. Running 15 with tert-butyl benzyl amine gave better distinct signals, but only one run was
done at 170 °C. The rate was determined to be an order in magnitude faster than the reference
TGM (Appendix 23), which could possibly be a result of the EWG leading to a more unstable
guanidine and therefore lowering the activation energy. However, more tests are required to say
for certain whether this observed rate is correct.
We have also started studying the steric effects on newly synthesized guanidines 17–19
(Figure 2-16). Kinetic studies of 17-19 were conducted by Reeth Pooni, but are included here for
completeness (Appendix 23). Interestingly, cyclohexylamine guanidine 18 and piperidine
guanidine 19 show the exchange rate to be one order of magnitude faster than the reference TGM
reaction between 1 and benzyl amine, suggesting sterically hindered N-aryl, Nʹ-aryl, Nʺ-alkyl
guanidines decrease the stability of the guanidine species. Since 19 is a secondary amine, it is
unclear if there is a relationship between a secondary amine and increased exchange rate. Further
work with secondary amines are ongoing to better understand their role in the TGM reaction.
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Figure 2-16. Synthesis of 16-18 guanidines for steric TGM studies .

Implementing a secondary amine in a CAN system would minimize the irregularity
observed in the first generation CAN, since over time toluidine could leach or degrade. This
theoretical second generation guanidine CAN should be combined with in-depth rheological
studies to fully understand the viscoelastic properties of the CAN material. Assessment of the
viscoelastic properties of CANs solely based on stress relaxation and temperature sweeps has
proven to be insufficient to fully describe the material.63 Small-amplitude oscillatory shear
rheology at different temperatures and construction of rheological master curves via timetemperature superpositions is a recent method in the CAN field to fully characterize the
viscoelastic spectrum of the material.
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We hope to accomplish further in-depth rheological studies of other TGM-based CANs
through synthesis of styrene-derived guanidines, since our current method generates oligomers
with a rather broad dispersity, making it difficult to establish a consistent procedure for the
synthesis of the crosslinked network. Our previous work synthesizing asymmetrical guanidines 3
and 4 provided the framework to prepare the required monomer. However, current reaction
conditions to yield the styrene-CDI, 20, requires further optimization as the yield of the reaction
was below 30% (Figure 2-17). Once reaction conditions are optimized, polymerization of styreneCDI monomer will be explored. To our knowledge, there is no previous work on the
polymerization of styrenic carbodiimides, making it unknown if the polymerization will have any
undesired reactivity with the CDI moiety. Assuming there are no side reactions, the polymerization
will test different ratios of the styrene-CDI:styrene monomers. By changing the ratio of CDI in the
polymers, we will better be able to control the gel point and cross-link density of the CAN.

Figure 2-17. Synthesis of styrenic CDI 20.
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2.6 Conclusion
We developed a novel thermal exchange reaction, in which N,Nʹ,Nʺ-trisubstituted
guanidines underwent thermal metathesis without a catalyst.55 Data revealed the exchange
reaction equilibrated with no degradation over time, as indicated by NMR and GC-MS. Kinetic
data revealed the reaction to be first order with respect to the guanidine. Linear best fit plots of
the rates were used to calculate the activation energy.
We extended our findings to a novel CAN, which was able to be reprocessed up to three
times without significant degradation. Stress relaxation of the material was indicative of the
dynamic properties at elevated temperatures. Activation energy calculated using non-normalized
stress relaxation was 1.5 times greater than the small molecule studies. The material exhibited a
rubbery plateau modulus with Arrhenius scaling, similar to other dissociative CANs.
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Chapter 3. Carbodiimides For Post-Polymerization Modification
3.1 Post-Polymerization Modification
Synthesis of novel polymers continues to be a focus of modern polymer chemistry. Many
organic reactions are limited to small molecule synthesis restricting the possibilities of new
materials in the polymer field. Much of the work in polymer chemistry has focused on controlled
or “living” polymerizations, which has established precise control over the molecular weight and
dispersity of macromolecules. However, the reactants in these reactions prevent some functionality
from being present, as side reactivity or lack of reactivity may occur.
To overcome these issues, post-polymerization modification (PPM) has been studied as a
tool for the synthesis of functional polymers that are otherwise unattainable from direct
polymerization. PPM is a method that involves polymerization of monomers with functional
groups that are inert towards polymerization conditions, but can be quantitatively converted in a
subsequent reaction step into a broad range of other functional groups.76-77 PPM focuses on
reactions that can be accomplished in a single reaction step with high yield and have
chemoselectivity or orthogonality. We briefly discuss the most common PPM reactions and their
limitations.
Polymers bearing reactive carbonyl groups have been extensively studied. Early work
focused on acid chlorides, as nucleophilic addition can be achieved under mild conditions with a
broad range of nucleophiles.78 Due to the hazardous properties of acid chlorides, polymeric active
esters were studied. Activated esters (AE) are an important tool in the polymer field, as they are a
facile route to polyacrylamides, they are stable towards radical polymerization, and can expand
the limited functionality of polyacrylates/acrylamides.79 The most common AE early in the PPM
history were N-hydroxysuccinimide (NHS) ester functional groups. Polymerization of NHS50

methacrylates was first accomplished by Ringsdorf and Pere, followed by modification with alkyl
amines (Figure 3-1).80-81 The utility of this approach was demonstrated by the preparation of
poly(N-allyl acrylamide), as attempts at direct synthesis of this polymer were unsuccessful as allyl
groups react with free radicals (Figure 3-2). However, NHS-AE lacks reactivity with alcohols, the
polymers are only soluble in DMSO/DMF, and undergo side reactions with their succinimide
groups. 81.82

Figure 3-1. Transformation of polyNHS-methacrylates with amines.

Figure 3-2. Direct polymerization of poly(N-allyl acrylamide) not possible, NHS derived method leads to
corresponding polymer with allyl amine.

Activated esters using pentafluorophenyl (PFP) functional groups overcome many issues
faced by NHS polymers, such as improved reactivity and solubility.83 Modified PFP can react with
aromatic amines and alkoxides, providing orthogonal modifications for complex polymers (Figure
3-3). Klok and co-workers demonstrated poly(PFP)acrylate could be functionalized with a diverse
range of amines, glycols, amino acids, sulfonates, and quaternary ammonium salts, demonstrating
the ability to generate a vast array of functional polymers with identical degrees of polymerization
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and molecular weight distributions using AE chemistry.84 However, PFP esters cannot be
polymerized with atom transfer radical polymerization (ATRP), limiting their polymerization
reactions.85

Figure 3-3. Orthogonal modification of an PFP ester polymer with two different amines. More reactive PFP
selectively functionalized with aromatic amines and less reactive PFP functionalized with aliphatic amines.

Temperature-responsive AE bearing 4-dimethylsulfonium phenol were developed by
Kakuchi and Theato as a method to control functionalization. Interestingly, 4-dimethylsulfonium
phenol triflate undergoes spontaneous demethylation at 90 °C to yield 4-methylthiophenol, which
resulted in decreased reactivity due to increased electron density and increase in pKa (Figure 34).86 Interestingly, trialkylsulfonium ions can act as methylating agents with nucleophiles, but the
authors did not detect the methylation of amines. The acrylate derived monomers can be
polymerized using reversible addition-fragmentation chain transfer, react with primary and
secondary amines, and possess spatiotemporal control over modification using heat controlled
areas. However, 4-dimethylsulfonium phenol requires the use of hazardous triflates and requires
elevated temperatures for the selectivity to occur.
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Figure 3-4. Modification of poly 4-dimethylsulfonium phenoxy triflate esters with amines. Heating at 120 °C
produces irreversible demethylation to yield unreactive 4-methyl thiophenoxy esters.

Thiol chemistry has also been thoroughly explored in PPM.87-103 Reaction conditions can
be tuned such that radical or nucleophile reactions can be achieved for unique functionalization.
The four major types of transformations are: A) radical thiol addition, B) nucleophile thiol
addition, C) disulfide exchange, and D) thiolactone double modification (Figure 3-5). Thiol
functionalization has been utilized by many authors over recent years due to its highly efficient
and “click”-like capabilities in PPM. Thiol radical addition initially focused on the modification
of residual olefins in natural rubbers and polybutadiene, but was later expanded to substrates
prepared by cationic, ring-opening, ring-opening metathesis, and organometallic ring-opening
polymerizations.87-95 Thiol-ene modification is unable to be used in radical reversible-deactivation
polymerization due to the reactivity of both olefins and thiols with initiators, but can be
accomplished if the olefins have different reactivities, such as copolymerizing styrene and a
homoallyl ether-functional styrenic monomer by both ATRP and reversible addition53

fragmentation chain transfer (RAFT) polymerization and then modifying the polymer with various
thiols. 96 Thiol-ene modification can also be accomplished if thiol or ene functionality is applied
in a separate polymerization.97-98

Figure 3-5. Thiol transformations for PPM. A) radical thiol addition, B) nucleophile thiol addition, C) disulfide
exchange, D) thiolactone double modification

Thiol-yne modification is similar to thiol-ene, as two mercaptans undergo sequential
addition. Thiol-ene/yne modification can be accomplished by heat, but photoinitiation of radical
thiols is faster and more efficient in various solvents.96 This method can be applied to surfacebound polymer functionalization, allowing specific surface patterns to be possible.99
Nucleophilic thiol-ene is a base-catalyzed nucleophilic addition of thiols to electrondeficient olefins (the thiol-Michael). Similar challenges are met to the thiol-ene polymerization,
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this can be overcome by introducing protecting groups to the thiol, but typically requires long work
ups or development of novel monomers.100-101 Thiol-Michael is mostly used for the general
removal of thiocarbonylthio end groups from a RAFT mixture, which allows end groups to be
introduced under mild conditions. Thiol difunctionalizations can be accomplished by introducing
dibromomaleimide moieties. This reaction proceeds through conjugate addition, followed by
hydrogen bromide elimination.
Disulfide PPM has the longest history, as it was used in the first examples of PPM through
vulcanization by Charles Goodyear in 1844.102 Disulfide PPM can be achieve by reductive
disulfide cleavage or through a controlled thiol substitution of pyridyl disulfide which can be
installed either on the side chain or at chain ends.103 Disulfide modification is fastest at pH 8, due
to the deprotonation of thiols to form more reactive thiolates. The reaction can be monitored by
observing the appearance of the strongly absorbing 2-pyridinethione bi-product by UV−vis
spectroscopy.
Ring-opening of thiolactones has gained interest due to its orthogonality of
functionalization. This approach requires double modification, as nucleophilic ring opening
generates a thiol, which can then be modified using the three thiol chemistries discussed above.
Delayed generation of thiol allows polymerization with various reagents, making ring-opening
thiolactones a great modification moiety. It is possible to introduce co-polymers through the
double modification thione.104
PPM has greatly benefitted from the development of “click” chemistry reactions, which
emphasize mild, efficient, modular, and precise reactions due to ever growing waste generation.105
The most famous is Cu(I)-mediated Huisgen 1,3-dipolar cycloaddition, which has been extensively
studied in PPM with high yields under mild conditions in aqueous and in organic media .106 In
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cases where the presence of copper cannot be employed such as in biomolecules and living cells,
strain-promoted azide-alkyne cycloaddition has been an important tool.107-108 The transformation
relies on strained cyclooctynes that possess a significantly lower activation energy toward
cycloaddition compared to terminal alkynes (Figure 3-6). However, a number of side reactions
occur in controlled polymerization of azide or alkyne containing monomers, such as acidic protons
adjacent to alkynes causing termination of anionic polymerization, radical addition to
azides/alkynes, and azide reduction by thiols.106,109 Authors have overcome side reactivity to
achieve well-defined polymers by using trimethylsilyl protecting groups, followed by deprotection
using tetra-n-butylammonium fluoride (Figure 3-7).110

Figure 3-6. PPM of strain promoted azide-alkyne cycloaddition.

Figure 3-7. Silyl protecting group of alkynes, followed by de-protection to yield alkyne reactive functional
group.

In recent years, a plethora of reactions have been applied for PPM, including ring opening
reactions of epoxides-azidirines-azalactones, Diels-Alder, imine/oxime ligation, isocyante
modification and many more.77 PPM has proven to be a powerful tool in polymer chemistry, but
challenges remain. Many of the reactions that proceed efficiently in the context of small molecules
have proven to be unreliable at times in a macromolecular context. Full conversion with perfect
56

orthogonality/chemoselectivity for the functionalization of well-defined polymers with different
functionalities in one pot has yet to be achieved. Functionalization of industrially relevant
polymers, including the side-chain functionalization of polyolefins, polystyrene, and poly(methyl
methacrylate) remains a challenge, as these polymers tend to be chemically inert by design.
Sequence control and temporal regulation of polymers may be a key in the synthesis of complex
and well defined macromolecular structures. Future work in these two concepts will be critical for
the PPM and polymer field.
3.2 Carbodiimides and Multifunctional Amines
Carbodiimides have been mostly used in small molecules reactions and there is little
research on their applications for novel polymers through post polymerization modification,
despite being known for over fifty years. Campbell and co-workers were the first to synthesize
polycarbodiimides using a phospholene oxide catalyst, yet they were limited to industrially
available di-isocyanates.111 While the PPM of polycarbodiimides has not been thoroughly studied,
some work using amines was studied for the synthesis of polyguanidines.112 Isocyanates are in
general more reactive, providing fast reaction kinetics and perfect atom economy with amines,
alcohols, and thiols. They are generally stable towards radicals, but their toxicity and sensitivity to
moistures has prevented their applications to PPM. Carbodiimides have the potential to be used
for facile PPM, as they are less sensitive to moisture.67 In this work, we explored diaryl
carbodiimides with various nucleophiles. We discuss the transformations of diaryl carbodiimides
without catalysts using amine-alkyne, amine-alcohol, and allyl amine compounds. Similar to
Chapter 2, we began with small molecule studies, but due to recent events which have prevented
further research, we have limited data of our findings to polymeric systems.
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Firstly, we were interested in studying the transformations of amine-alkyne moieties with
carbodiimides, as alkyne functional groups can benefit from “click” chemistry for subsequent
PPM. Propargyl amine and p-tolyl carbodiimide were dissolved in THF at room temperature for 2
hours. The reactivity of the amine was sluggish based on IR analysis, as the carbodiimide stretch
was still present at 5 minutes. In contrast, benzylic amines exhibit full conversion of the
carbodiimide at this point, due to nucleophilic differences. However, after 15 minutes the CDI
stretch was absent, suggesting the alkyne group to have a minimal inductive effect on the
nucleophilicity of the amine towards the di-aryl carbodiimide. A small sample taken from the
reaction mixture was analyzed via 1H NMR, which showed the expected guanidine based on the
peak at 4.43 ppm, corresponding to the methylene neighboring the alkyne (Figure 3-8a). However,
precipitating the reaction with water and removing residual solvent yielded a completely different
1

H NMR, as evident by the disappearance of the peak at 4.43 ppm and appearance of 3 distinct

peaks in 2.5-2.0 ppm region (Figure 3-8b). GC-MS analysis showed no change in molecular
weight, 1H-1H COSY indicated H4 and H5 to be neighboring protons, and 13C NMR did not show
the predicted alkyne carbons in the 70-80 ppm region, but instead showed an unexpected 10 ppm
signal (Appendix 24). The collected data indicated the product structure to be 21, which belongs
to a class of compounds called aminoimidazoles.
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21

Figure 3-8. A) (Top) 1H NMR of initial reaction mixture without any work up, demonstrating the predicted
guanidine. B) (Botoom) 1H NMR of worked up sample 21. * THF (Top) Water (Bottom).

Previous work with carbodiimides and propargyl amines showed the similar transformation
to occur with a catalyst at elevated temperatures.113 The authors suggested the product cyclizes by
a 5-exo-dig mechanism, followed by isomerization (Figure 3-9). The exocyclic double bond
created from the 5-exo-dig isomerizes as a result of the favored aromatic stability from the resulting
unsaturated heterocycle. We suspect 21 to be the product formed in our system, even without
introducing a catalyst at elevated temperatures. We observed that running the reaction in THF
without any work up led to a mixture of the guanidine/aminoimidazole based on 1H NMR.
Interestingly, after introducing water to precipitate the products and remove excess amine, results
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in only aminoimidazole showing in the 1H NMR. This suggests that water might facilitate the
transformation by expediting hydrogen exchange in the mechanism, if the rate determining step is
5-exo-dig.

Figure 3-9. Proposed mechanism of formation of 21. HA is a generic acid.

We investigated whether polycarbodiimides and propargyl amine led to similar reactivity.
Polycarbodiimide and propargyl amine formed the polyguanidine at room temperature and
working up the reaction with water led to a mixture of guanidine and 2-aminoimidazole repeat
units. Heating the polymer at 80 °C for 2 hours produced the novel polymer 22 (Figure 3-10). To
our best of our knowledge, this is the first report of poly-2-aminoimidazoles. DSC data
demonstrated the polymer to have two thermal transitions at ~55 °C and ~125 °C (Appendix 25).
We suspect the first transition to be melting ,Tg, and the latter to be the glass transition temperature
Tm, which could be a result of a semi-crystalline polymer. However it could also be as a result from
polymers with very high dispersity. Therefore the novel polymer should be investigated with a
well-defined polymer, such as the polystyrene-carbodiimide monomer (See Section 2.5). Future
work will further determine the thermal properties of the polymer with well-defined
polycarbodiimides. Variations of alkyne-amine moieties will be studied in the near future to
determine the limitations of the reaction for the application of these novel polymers. Introducing
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sterically hindered groups alkyne-moieties could inhibit cyclization, making it possible to modify
alkyne functional group with subsequent orthogonal reactions (Figure 3-11).
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Figure 3-10. 1H NMR of poly 2-aminoimidazoles 22. *Acetone/Water.

Figure 3-11. Variations of amine-alkyne moieties with polycarbodiimide followed by orthogonal reaction click
reactions if alkyne is maintained (Left, Right) or cyclization is not able to be inhibited (Bottom).
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Secondly, we investigated the reactivity of carbodiimides with amine-alcohol moieties to
observe the possibility of “click” like characteristics for PPM. In general, alcohols are less
nucleophilic than amines, leading to selective guanidine transformations without the use of
protecting groups, which could further be used for orthogonal transformations. We investigated
the reactivity of ethanol-amine with p-tolyl carbodiimide in THF at room temperature. IR analysis
confirmed the absence of the CDI stretch by 5 minutes. 1H NMR analysis confirmed the presence
of guanidine 23 as the only product, based on the two distinct CH2 alkyl protons (Figure 3-12).
We will apply this reaction to polycarbodiimides and polystyrene-carbodiimides in the near future
to confirm the “click” like capabilities of primary amine-alcohol moieties for PPM.
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Figure 3-12. 1H NMR of 23.
Figure 3-12. 1H NMR of 23.
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We next extended our work to secondary acyclic alkyl amines with an alcohol functional
group. A mixture of N-benzylethanolamine and p-tolyl carbodiimide in THF at room temperature
indicated the expected guanidine at first, based on the benzylic peak 4.30 ppm. However
precipitating reaction with water and removing residual solvent led to a different structure as
evidenced by 1H NMR (Figure 3-13). GC-MS analysis showed a molecular weight of 266,
inconsistent with the predicted product molecular weight, since it corresponds to a mass loss of
107 corresponding to p-toluidine. The alcohol functional group could undergo a nucleophilic
addition with the carbon, as the 5-exo-trig cyclization is favored (Figure 3-14).
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Figure 3-13. 1H NMR of initial reaction mixture indicating guanidine formation (Top). Worked up reaction
showing different NMR, indicating conversion to 24 (Bottom).
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Figure 3-14. Proposed mechanism of 24. Compound undergoes 5-exo-trig cyclization forming tetrahedral
intermediate. Tetrahedral intermediate can undergo proton shuffling by neighboring amine or by neighboring
groups, allowing nitrogen lone pairs to form a pi bond with the central carbon and removing p-toluidine.

This class of compounds known as iminooxazolidines, were previously studied by Saito,
in which a nickel catalyst undergoes a cycloaddition of aziridines with isocyanates.114 Based on SI
data by Saito which shares a very similar compound, we are confident in assigning the proton
structure to be 24. Water may accelerate the transformation similar to the propargyl amine reaction,
where water facilitates proton exchange of the reaction. It is unknown whether the transformation
is a result of sterics from the benzylic group or as a consequence of secondary amines decreasing
resonance stabilization. Studying variations of secondary amines-primary alcohol compounds
must be investigated to determine the factor involved. Investigations into the 6 member ring
formation will be conducted in the near future as a 6-exo-trig cyclization is favored, which would
lead to novel imineoxazines polymers (Figure 3-15). It is worth noting that 23 did not undergo
cyclization in the presence of water at room temperature, however traces of the cyclic product were
observed upon heating the material to 120 °C for 40 minutes (Appendix 26). Cyclization of 23
could potentially be achieved by introducing stronger bases or through guanidine-metal chelating
complexes.
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Figure 3-15. Theoretical formation of imineoxazine.

Adding N-benzylethanolamine to polycarbodiimide led to oligomers 25, based on detection
of p-toluidine (6.61, 2.30ppm) and alkyl carbons (4.57,4.30,3.35) ppm, which match accordingly
to 24. Essentially, N-benzylethanolamine could depolymerize polycarbodiimides if the polymer is
soluble. The oligo-iminooxazolidines could be further be converted to cyclic ureas with strong
acids, which could ultimately be converted back to carbodiimide precursors.115 While Nbenzylethanolamine acts as a depolymerization agent with polycarbodiimides, synthesis of
polyiminooxazolidines is still possible using carbodiimides (Figure 3-16). To the best of our
knowledge, there is no work on polyiminooxazolidines, thus future work will synthesize the
precursors to develop a well-defined novel polymer. The polyiminooxazolidines may undergo
further PPM, based on previous work using cationic ring opening polymerization, CROP (Figure
3-17).115 It is unknown whether an exocyclic double bond to an aromatic nitrogen could prevent
the polymerization from happening, as cationic polymerizations tend to be extremely sensitive to
structural changes. An anionic ROP could also be attempted if the cationic ROP proves to be
unsuccessful.
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Figure 3-16. Synthesis of styrene-iminooxazolidine monomer using CDI as a reagent for a well defined
polmer of a novel polystyrene-iminooxazolidine.

Figure 3-17. Proposed path of carbodiimides with variation of alcohol-amine moieties. If cyclization can be
inhibited, further orthogonal reactions can be conducted using the alcohol functional group (Left). Cyclization
resulting in polyiminooxazolidines can be further polymerized using CROP.

Lastly, we investigated the reactivity of carbodiimides with allyl amines, as direct
polymerization of allyl amines is not possible with most polymerization reactions (see Section
3.1). Alkene functional group can undergo sequential reactions for further functionalization
(Figure 3-18). We investigated the reactivity of allyl amine with p-tolyl carbodiimide in THF at
room temperature. IR analysis confirmed the absence of the CDI stretch by 5 minutes. 1H NMR
analysis indicated the presence of guanidine 26, however additional analysis is needed to confirm
the sample. Due to this recent event, we are only speculating the transformation to be free of side
products (Figure 3-19). We will apply this reaction to polycarbodiimides and polystyrene-
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carbodiimides in the near future to confirm the “click” like capabilities of primary allyl amine
moieties for PPM.

Figure 3-18. Theoretical transformation of polycarbodiimides with allyl amines, followed by orthogonal
reaction with thiol-ene chemistry.
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Figure 3-19. 1H NMR of 26 with THF* still present.

3.3 Conclusions
We have begun to study the reactivity of carbodiimides with multifunctional amines. We
have found a novel polymer using propargyl amine through a catalyst free transformation, where
no byproducts were produced. We also found that ethanol-amine was chemoselective with
carbodiimides, suggesting the transformation can be used with polycarbodiimides for
chemoselective PPM. N-Benzylethanolamine was found to react with carbodiimides to initially
form a guanidine species, but underwent a catalyst free transformation, where p-toluidine was
generated. The reagent was applied to polycarbodiimides, where the transformation occurred to
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give oligomers, demonstrating the ability of N-Benzylethanolamine as a de-polymerization
reagent. Lastly, we speculate that allyl amine can react with carbodiimides, as no side reactivity
was observed in initial experiments, signaling the possibility of polycarbodiimides as a tool for
PPM of allyl amine polymer derivatives.
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Chapter 4. Conclusions
We have studied carbodiimides and their reactivity with various amines for the
development of novel polymers. In our initial work we studied aryl, aryl carbodiimides with alkyl
amines for the development of guanidines capable of thermal exchange reactions. We presented
the first evidence of a thermal guanidine metathesis reaction and applied it as the basis for a new
class of CAN polymers. Small molecule studies indicate the TGM reaction to be an equilibrium
of different species. Kinetic studies suggest the TGM to occur by a dissociative mechanism.
Oligomeric CDI and trifunctional amine undergo rapid gel formation to form a guanidine
CAN polymer. DMA and solubility studies demonstrated the highly crosslinked material
possessed dynamic characteristics. Stress relaxation times above Tg exhibit an Arrhenian
temperature dependence, with Ea higher than that determined in our small molecule model system.
This observation was consistent with aspects of the Semenov-Rubinstein model of dynamic, highly
crosslinked materials that operate via a dissociative mechanism. The TGM CAN was able to be
reprocessed up to three times with no significant degradation based on IR and NMR analysis.
We also studied the transformation of multifunctional amines with aryl, aryl carbodiimides
for PPM applications.

We presented the first evidence of poly(2-aminoimidazoles) using

propargyl amine as a reagent. We demonstrated the chemoselective of carbodiimides with ethanolamine for the development of orthogonal reactions in PPM. We showed evidence of N-Benzyl,
ethanolamine as a reagent for the de-polymerization of polycarbodiimides. We speculate that novel
well-defined polyiminooxazolidines can be achieved using the transformation. Lastly, we
speculate that allyl amines can be used with polycarbodiimides for sequential orthogonal reactions,
based on preliminary data of p-tolyl carbodiimide mixed with allyl amine.
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Experimental
Materials. Unless otherwise noted, all chemicals were purchased from commercial sources and
used as received. Dry tetrahydrofuran (THF) and dichloromethane (DCM) were obtained from an
Inert PureSolv solvent purification system.

Instrumentation. 1H and 13C NMR spectra were recorded on a Bruker Avance III 500 MHz FTNMR spectrometer. Chemical shifts are reported in delta (δ) units, expressed in parts per million
(ppm) downfield from tetramethylsilane using the residual protio-solvent as an internal standard
(CDCl3, 1H: 7.26 ppm and

13

C: 77.16 ppm). GC-MS analysis was performed on a Varian

CP3800 GC equipped with a Saturn 2000 Ion Trap mass spectrometer using either chemical or
electron impact ionization. IR spectroscopy was performed with a Thermo iS10 FT-IR with singlebounce diamond ATR. Thermogravimetric analyses (TGA) were performed on a TA Instruments
Q500 with a platinum pan. Ramp experiments were heated at 20 °C/min from room temperature
to 500 °C under nitrogen flow (25 mL/min). Isothermal experiments were heated under nitrogen
flow (25 mL/min) at 30 °C/min from room temperature and held at 160 °C for 2 hours. Differential
scanning calorimetry (DSC) experiments were performed in hermetically sealed aluminum sample
pans. Ramp experiments were heated at 20 °C/min from ambient temperature to 180 °C, cooled at
20 °C/min from 180 °C to 0 °C, and heated at 20 °C/min from 0 °C to 180 °C with 5 min isotherms
at each extreme under nitrogen flow (50 mL/min). Dynamic mechanical analyses (DMA) were
performed on a TA Instruments Q800 in tension mode. For temperature sweep experiments,
samples were deformed by a 0.025% sinusoidal tensile strain. Each rectangular-shaped sample
(approximately 3 mm  0.5 mm  0.25 mm) was heated from ambient conditions to 190 °C at a
rate of 3 °C/min. All experiments were conducted at a frequency of 1 Hz and the glass transition
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temperature (Tg) was taken as the peak of tan δ. For stress relaxation experiments, samples were
deformed by a 1% strain. Using a tensile clamp, each rectangular-shaped sample (approximately
3 mm  0.5 mm  0.25 mm) was heated to the desired temperature and allowed to equilibrate for
5 minutes prior to conducting the experiment. Samples were melt pressed using a hydraulic Carver
press equipped with heated platens (see below for full description of sample preparation).
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Preparation of p-tolyl carbodiimide: In an oven-dried flask under a nitrogen atmosphere, p-tolyl
isocyanate (9.0 ml, 71.4 mmol, 1.0 equiv.) and 3-methyl-1-phenyl-2-phospholene 1-oxide (0.48 g,
2.49 mmol, 0.035 equiv.) were heated to 50 °C for 2 h with a vent needle. The reaction was cooled,
diluted with 10 mL hexanes, and passed through a silica plug eluting with hexanes. The solvent
was removed under reduced pressure to yield p-tolyl carbodiimide (6.82 g, 86%). 1H NMR (500
MHz, CDCl3) δ 7.12 (d, J = 8.1 Hz, 4H), 7.06 (d, J = 8.3 Hz, 4H), 2.33 (s, 6H). 13C NMR (126
MHz, CDCl3) δ 135.7, 135.2, 130.0, 123.8, 20.9. GC-MS (EI): [M+] calc’d for C15H14N2 222.12,
found 222.1. ATR-IR: N=C=N 2117 cm-1.

72

Preparation of 1: In an oven-dried flask under a nitrogen atmosphere, p-tolyl carbodiimide (1.0 g,
4.5 mmol, 1.0 equiv.) and 4-methylbenzyl amine (0.60 mL, 4.7 mmol, 1.05 equiv.) were dissolved
in dry THF (5 mL). The reaction was monitored via IR spectroscopy by the disappearance of the
carbodiimide stretching frequency. After 2 h, the product was precipitated by addition of 25 mL
of DI water to the solution and the resulting white solids were isolated by filtration. Residual
solvent was removed under reduced pressure at 60 °C to yield 1 (1.44 g, 93%). 1H NMR (500
MHz, CDCl3) δ 7.23 (d, J = 7.9 Hz, 2H), 7.14 (d, J = 7.8 Hz, 2H), 7.08 (d, J = 7.8 Hz, 4H), 6.94
(d, J = 7.8 Hz, 4H), 4.48 (s, 2H), 2.33 (s, 3H), 2.29 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 148.5,
136.8, 136.1, 129.9, 129.1, 127.6, 123.3, 45.5, 21.0, 20.7. GC-MS (CI): [M+H+] calc’d for
C23H26N3 344.21, found 344.3.
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Preparation of 2: 2 was prepared in identical manner to 1, with benzyl amine (0.51 mL, 4.7 mmol,
1.05 equiv.) in place of 4-methylbenzyl amine. Yield 1.36 g, 92%. 1H NMR (500 MHz, CDCl3) δ
7.42 – 7.29 (m, 4H), 7.27 (m, 1H), 7.09 (d, J = 8.0 Hz, 4H), 6.94 (d, J = 7.9 Hz, 4H), 4.54 (s, 2H),
2.29 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 148.5, 139.2, 129.9, 128.5, 127.6, 127.1, 123.5, 45.7,
20.7. GC-MS (CI): [M+H+] calc’d for C22H24N3 330.20, found 330.3.
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Preparation of 3: 5 (0.10 g, 0.42 mmol, 1.0 equiv.) and 4-methylbenzyl amine (56 μL, 0.44 mmol,
1.05 equiv.) were dissolved in dry THF (5 mL) and stirred for 1 h under ambient conditions. The
product was precipitated by addition of 20 mL of DI water to the solution. The precipitate was
isolated by filtration and residual solvent was removed under reduced pressure at 60 °C to yield 3
(0.13 g, 86%). 1H NMR (500 MHz, CDCl3) δ 7.14 – 7.10 (m, 8H), 7.08 (d, J = 8.0 Hz, 2H), 6.83
(d, J = 8.2 Hz, 2H), 4.30 (s, 4H), 2.34 (s, 6H), 2.29 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 151.0,
138.8, 131.0, 129.9, 128.6, 127.3, 127.1, 123.2, 45.9, 20.7. GC-MS (CI): [M+H+] calc’d for
C24H28N3 358.23, found 358.3.
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Preparation of 4: 4 was prepared in an identical manner to 3, using benzyl amine (52 μL, 0.47
mmol, 1.05 equiv.) in place of 4-methylbenzyl amine and S2 (0.10 g, 0.45 mmol, 1.0 equiv) in
place of S1. Yield 0.13g, 88%. 1H NMR (500MHz, CDCl3) δ 7.37 – 7.18 (m, 10H), 7.09 (d, J =
8.0 Hz, 2H), 6.84 (d, J = 8.2 Hz, 2H), 4.36 (s, 4H), 2.29 (s, 3H). 13C NMR (126 MHz, CDCl3) δ
151.0, 138.8, 130.9, 129.9, 128.6, 127.2, 127.1, 123.2, 45.9, 20.6. GC-MS (CI): [M+H+] calc’d for
C22H24N3 330.20, found 330. 2.
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Preparation of 5: In an oven-dried flask under a nitrogen atmosphere, 4-methylbenzyl amine (0.40
mL, 3.16 mmol, 1.05 equiv.) and p-tolyl isothiocyanate (0.45 g, 3.01 mmol, 1.0 equiv.) were
combined. The thiourea precipitated immediately and was isolated by filtration, followed by
rinsing with cold hexane to remove any remaining starting material. The crude thiourea (1.56 g,
5.8 mmol, 1.0 equiv.), 2-chloro-1-methylpyridinium iodide (1.65 g, 6.9 mmol, 1.2 equiv.), and
triethylamine (2.42 mL, 17.3 mmol, 3.0 equiv.) were dissolved in dry CH2Cl2 (20 mL) and stirred
for 2 hours under ambient conditions. The solvent was evaporated under reduced pressure and the
residue dissolved in ethyl acetate (20 mL). The solution was rinsed 3  15 mL H2O. The organic
layer was dried with Na2SO4, filtered, and the solvent was removed under reduced pressure to
yield 5 (0.95 g, 70%). 1H NMR (500 MHz, CDCl3) δ 7.26 (d, J = 7.5 Hz, 2H), 7.17 (d, J = 7.7 Hz,
2H), 7.05 (d, J = 7.9 Hz, 2H), 6.89 (d, J = 8.2 Hz, 2H), 4.51 (s, 2H), 2.35 (s, 3H), 2.30 (s, 3H). 13C
NMR (126 MHz, CDCl3) δ 137.8, 137.4, 137.1, 134.9, 134.4, 129.7, 129.3, 127.3, 123.3, 50.3,
21.0, 20.8. GC-MS (EI): [M+] calc’d for C16H16N2 236.13, found 236.2. ATR-IR: N=C=N 2109

cm-1.
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Preparation of 6: 6 was prepared in an identical manner to 5, using benzyl amine (0.34 mL, 3.2
mmol, 1.05 equiv.) in place of 4-methylbenzyl amine. Yield 0.40 g, 61%. 1H NMR (500 MHz,
CDCl3) δ 7.39 – 7.34 (m, 4H), 7.34 – 7.28 (m, 1H), 7.05 (d, J = 7.7 Hz, 2H), 6.89 (d, J = 8.3 Hz,
2H), 4.56 (s, 2H), 2.30 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 137.9, 137.7, 137.0, 134.5, 129.8,
128.7, 127.7, 127.3, 123.3, 50.5, 20.8. GC-MS (EI): [M +] calc’d for C15H14N2 222.12, found 222.1.
ATR-IR: N=C=N 2108 cm-1.
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Preparation of 7: 5 (0.10 g, 0.42 mmol, 1.0 equiv.) and benzyl amine (48 μL, 0.44 mmol, 1.05
equiv.) were dissolved in dry THF (5 mL) and stirred for 1 h under ambient conditions. The product
was precipitated by addition of 20 mL of DI water to the solution. The precipitate was isolated by
filtration and residual solvent was removed under reduced pressure at 60 °C to yield 7 (0.13 g,
86%). 1H NMR (500 MHz, CDCl3) δ 7.24 – 7.07 (m, 8H), 7.08 (d, J = 8.0 Hz, 2H), 6.83 (d, J =
8.2 Hz, 2H), 4.35 (s,2H)4.30 (s, 2H), 2.33 (s, 6H), 2.29 (s, 3H).
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Preparation of 8: A 500 mL round bottom flask was flame dried under reduced pressure. After
cooling, methylene diphenyl diisocyanate (20.0 g, 79.9 mmol, 1.0 equiv.), p-tolyl isocyanate
(30.23 mL, 239.8 mmol, 3.0 equiv.), and 3-methyl-1-phenyl-2-phospholene 1-oxide (1.19 g, 6.23
mmol, 0.078 equiv.) were dissolved in dry THF (50 mL). The solution was stirred in N2 atmosphere
with a vent needle at 50 °C for 6 h, after which it was cooled to ambient temperature and the
oligomer precipitated with a mixture of methanol (100 mL) and hexane (500 mL). The solution
was placed in an ice bath for 30 minutes and the solids collected by filtration. The oligomer was
left to dry overnight under ambient conditions, and it was subsequently put under reduced pressure
at 60 °C to remove residual solvent (16.8 g, 41%). The degree of polymerization was determined
by 1H NMR via integration of the endgroup aryl CH3 at δ = 2.32 to that of the repeat unit methylene
at δ = 3.92; this varied from 1.4 – 1.8 from batch to batch. ATR-IR: N=C=N 2103 cm-1.
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Preparation of 9: 8 (15.83 g, 74.5 mmol carbodiimide based on naverage = 1.78, 1.00 equiv.
carbodiimide functionality) was dissolved in THF (118 mL) and cooled to 0 °C in an ice bath.
Tris(2-aminoethyl)amine (3.74 mL, 24.8 mmol, 1.0 equiv. amine functionality) was slowly added
and the reaction was manually stirred for 20 minutes, during which time conversion was monitored
via IR spectroscopy by the disappearance of the carbodiimide stretching frequency. Upon full
carbodiimide conversion, the precipitated solid was isolated by filtration and left to dry under
ambient conditions overnight. Following this, it was further dried under reduced pressure
overnight at 120 °C and further at 160 °C for 2 hours in a vacuum oven.
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Preparation 11 : In an oven-dried flask under a nitrogen atmosphere, 4-methoxyphenyl isocyanate
(2.00 mL, 15.4 mmol, 1.0 equiv.) and 3-methyl-1-phenyl-2-phospholene 1-oxide (0.1428 g, 0.743
mmol, 0.05 equiv.) were heated to 85 °C for 2 h with a vent needle. The reaction was cooled,
diluted with 10 mL hexanes, and passed through a silica plug eluting with hexanes. The solvent
was removed under reduced pressure to yield 4-methoxyphenyl carbodiimide (1.54 g, 66.9 %). 1H
NMR (500 MHz, CDCl3) δ 7.10 (d, J = 8.8 Hz, 4H), 6.84 (d, J = 8.9 Hz, 4H), 3.79 (s, 6H). ATRIR: N=C=N 2112 cm-1.
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Preparation 12 : In an oven-dried flask under a nitrogen atmosphere, 4-trifluorophenyl isocyanate
(2.00 mL, 19.34 mmol, 1.0 equiv.) and 3-methyl-1-phenyl-2-phospholene 1-oxide (0.134 g, 0.697
mmol, 0.05 equiv.) were heated to 80 °C for 2 h with a vent needle. The reaction was cooled,
diluted with 2 mL DCM/ 8 mL hexanes, and passed through a silica plug eluting with 1:4
CDM/hexanes. The solvent was removed under reduced pressure to yield 12 ( 0.871 g, 37.7 %).1H
NMR (500 MHz, CDCl3) δ 7.60 (d, J = 8.3 Hz, 4H), 7.27 (d, J = 8.3 Hz, 4H). ATR-IR: N=C=N
2110 cm-1.
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Preparation of 13: In an oven-dried flask under a nitrogen atmosphere, 11 (0.766 g, 3.01 mmol,
1.00 equiv.) and 4-methylbenzyl amine (0.403 mL, 3.16 mmol, 1.05 equiv.) were dissolved in dry
THF (5 mL). The reaction was monitored via IR spectroscopy by the disappearance of the
carbodiimide stretching frequency. After 2 h, the product was precipitated by addition of 25 mL
of DI water to the solution and the resulting white solids were isolated by filtration. Residual
solvent was removed under reduced pressure at 60 °C to yield 13 (1.032 g, 91.4%). 1H NMR (500
MHz, CDCl3) δ 7.21 (d, J = 7.9 Hz, 2H), 7.13 (d, J = 7.8 Hz, 2H), 7.01-6.95 (m, 4H), 6.84 (m,
4H), 4.47 (s, 2H), 3.77 (s, 3H), 2.33 (s, 3H).
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Preparation of 14: : In an oven-dried flask under a nitrogen atmosphere, 11 (0.188 g, 0.742 mmol,
1.00 equiv.) and benzyl amine (89.2 μL, 0.816 mmol, 1.1 equiv.) were dissolved in dry THF (5
mL). The reaction was monitored via IR spectroscopy by the disappearance of the carbodiimide
stretching frequency. After 2 h, the product was precipitated by addition of 25 mL of DI water to
the solution and the resulting white solids were isolated by filtration. Residual solvent was
removed under reduced pressure at 60 °C to yield 14 (0.247g, 92.1%). 1H NMR (500 MHz, CDCl3)
δ 7.33-7.24(m, 5H), 7.01-6.96 (m, 4H), 6.84 (m, 4H), 4.53 (s, 2H), 3.77 (s, 6H).
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Preparation of 15: In an oven-dried flask under a nitrogen atmosphere, 12 (0.876 g, 2.65mmol,
1.00 equiv.) and 4-methylbenzyl amine (0.354 mL, 2.78 mmol, 1.10 equiv.) were dissolved in dry
THF (5 mL). The reaction was monitored via IR spectroscopy by the disappearance of the
carbodiimide stretching frequency. After 2 h, the product was precipitated by addition of 10 mL
of DI water to the solution and the resulting white solids were isolated by filtration. Residual
solvent was removed under reduced pressure at 60 °C to yield 15 (1.07g, 89.7 %). 1H NMR (500
MHz, CDCl3) δ 7.52 (d, J = 8.4 Hz, 4H), 7.24-7.18 (m, 4H), 7.12 (m, 4H), 4.45 (s, 2H), 2.36 (s,
3H).
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Preparation of 16: In an oven-dried flask under a nitrogen atmosphere, 12 (0.380 g, 1.50 mmol,
1.00 equiv.) and benzylamine (0.138 mL, 1.65 mmol, 1.10 equiv.) were dissolved in dry THF (5
mL). The reaction was monitored via IR spectroscopy by the disappearance of the carbodiimide
stretching frequency. After 2 h, the product was precipitated by addition of 10 mL of DI water to
the solution and the resulting white solids were isolated by filtration. Residual solvent was
removed under reduced pressure at 60 °C to yield 16 (0.480 g, 88.9 %). Yield %. 1H NMR (500
MHz, CDCl3) δ 7.53 (d, J = 8.4, 4H), 7.39-7.33 (m, 5H), 7.12 (m, 4H), 4.50 (s,2H).
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Preparation of 20: In an oven-dried flask under a nitrogen atmosphere, 4-vinyl aniline (90 μL, 0.76
mmol, 1.05 equiv.) phenyl isothiocyanate (96 μl, 0.80 mmol, 1.0 equiv.) were combined. The
thiourea precipitated immediately and was isolated by filtration, followed by rinsing with cold
hexane to remove any remaining starting material.
The crude thiourea (.1264 g, 0.4965 mmol, 1.0 equiv.), 2-chloro-1-methylpyridinium iodide (.1604
g, 0.6206 mmol, 1.25 equiv.), and triethylamine (.2090 mL, 1.489 mmol, 3.0 equiv.) were
dissolved in dry CH2Cl2 (20 mL) and stirred for 2 hours under ambient conditions. The solvent
was evaporated under reduced pressure and the residue dissolved in ethyl acetate (20 mL). The
solution was rinsed 3  15 mL H2O. The organic layer was dried with Na2SO4, filtered, and the
solvent was removed under reduced pressure to yield 20 (0.0382g, 34.9%). 1H NMR (500 MHz,
CDCl3) δ 7.38-7.32 (m, 4H), 7.19-7.17 (m, 3H), 7.13 (d, J = 8.5 Hz, 2H), 6.73 (dd, J = 17.6, 10.9
Hz, 1H), 5.71 (dd, J = 17.6, 0.8 Hz, 1H) 5.24 (dd, J =10.8 , 0.8 Hz, 1H).
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Preparation of 21: In an oven-dried flask under a nitrogen atmosphere, p-tolyl carbodiimide (.080
g, 0.36 mmol, 1.0 eq) and propargyl amine (24 μL, 0.37 mmol, 1.05 eq) were dissolved in dry THF
(3 mL). The reaction was monitored via IR spectroscopy by the disappearance of the carbodiimide
stretching frequency. After 2 h, the product was precipitated by addition of 5 mL of DI water to
the solution and the resulting white solids were isolated by filtration. Residual solvent was
removed under reduced pressure at 60 °C to yield 21 (.066g, 67%). 1H NMR (500 MHz, CDCl3)
δ 7.33 (d, J = 8.0 Hz, 2H), 7.22 (d, J = 8.5 Hz, 2H), 7.17 (d, J = 8.2 Hz, 2H), 7.03 (d, J = 8.2 Hz,
2H), 6.64 (s, 1H), 5.55 (s, 1H), 2.45 (s, 3H), 2.26 (s, 3H), 1.99 (d, J = 1.2 Hz, 3H). 13C NMR (126
MHz, CDCl3) δ 139.16, 138.75, 130.70, 130.01, 129.47, 127.70, 213.90, 121.96, 116.52, 21.20,
20.60, 10.19. GC-MS (EI): [M +] calc’d for C18H19N3 277.16, found 277.2.

90

91

j

92

Preparation of 22: In an oven-dried flask under a nitrogen atmosphere, polycarbodiimide (0.1071
g, 1.00 eq) and propargyl amine (27.41 μL, 0.497 mmol, 4.05 eq) were dissolved in dry THF (5
mL). The reaction was monitored via IR spectroscopy by the disappearance of the carbodiimide
stretching frequency. After 2 h, the product was precipitated by addition of 10 mL of DI water to
the solution and the resulting white solids were isolated by filtration. Residual solvent not able to
be removed under reduced pressure at 100 °C. 1H NMR (500 MHz, CDCl3) δ 7.23 (d, J = 7.9 Hz,
2H), 7.14 (d, J = 7.8 Hz, 2H), 7.08 (d, J = 7.8 Hz, 4H), 6.94 (d, J = 7.8 Hz, 4H), 4.48 (s, 2H), 2.33
(s, 3H), 2.29 (s, 6H).
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Preparation of 23: In an oven-dried flask under a nitrogen atmosphere, p-tolyl carbodiimide
(0.0542 g, 0.243 mmol, 1.05 equiv.) and ethanol amine (15 μL, 0.256 mmol, 1.05 equiv.) were
dissolved in dry THF (2 mL). The reaction was monitored via IR spectroscopy by the
disappearance of the carbodiimide stretching frequency. After 2 h, the product was precipitated by
addition of 10 mL of DI water to the solution and the resulting white solids were isolated by
filtration. Residual solvent was not able to be removed under reduced pressure at 60 °C overnight.
1

H NMR (500 MHz, CDCl3) δ 7.11 (d, J = 7.5 Hz, 4H), 6.95 (m, 4H), 3.78-3.16 (t, 2H), 3.51-3.49

(t, 2H), 2.31 (s, 6H).
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Preparation of 24: In an oven-dried flask under a nitrogen atmosphere, p-tolyl carbodiimide (1.0
g, 4.5 mmol, 1.0 equiv.) and N-Benzyl,ethanol amine (0.60 mL, 4.7 mmol, 1.05 equiv.) were
dissolved in dry THF (5 mL). The reaction was monitored via IR spectroscopy by the
disappearance of the carbodiimide stretching frequency. After 2 h, the product was precipitated by
addition of 10 mL of DI water to the solution and the resulting white solids were isolated by
filtration. Residual solvent was removed under reduced pressure at 60 °C to yield 24 (1.44 g, 93%).
1

H NMR (500 MHz, CDCl3) δ 7.39-7.30 (m, 5H), 7.06 (d, J = 8.1 Hz, 4H), 6.99 (d, J = 8.3 Hz,

4H), 4.58 (s, 2H), 4.30-4.27 (t, 2H), 3.37-3.34 (t, 3H), 2.29 (s,3H). 13C NMR (126 MHz, CDCl3)
δ 153.15, 145.20, 136.87, 131.32, 129.18, 128.66, 128.37, 127.63, 123.17, 64.46, 49.39, 45.30,
20.58 GC-MS (EI): [M +] calc’d for C17H18N2O 266.14, found 266.2.
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Preparation of 25: In an oven-dried flask under a nitrogen atmosphere, polycarbodiimide (1.0 g,
4.5 mmol, 1.0 equiv.) and N-Benzylethanol amine (0.60 mL, 4.7 mmol, 1.05 equiv.) were
dissolved in dry THF (5 mL). The reaction was monitored via IR spectroscopy by the
disappearance of the carbodiimide stretching frequency. After 2 h, the product was precipitated by
addition of 10 mL of DI water to the solution and the resulting white solids were isolated by
filtration. Residual solvent was not able to be removed overnight at 100 °C. 1H NMR (500 MHz,
CDCl3) δ 7.37-7.26 (m, 79.59H), 7.09-6.95 (m, 87.31), 6.62-6.60(d, 15.16H) 4.57(s, 29.93H),
4.30-4.27(m, 29.03H) 3.89 (m, 9.82H), 3.83 (m, 12.20H) 3.54 (m, 14.42 H), 3.37-3.34 (t, 28.84H),
2.30 (s, 6H).
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Preparation of 26: In an oven-dried flask under a nitrogen atmosphere, p-tolyl carbodiimide (.0412
g, 0.185 mmol, 1.0 equiv.) and allyl amine (14.5 μL, 0.194 mmol, 1.05 equiv.) were dissolved in
dry THF (5 mL). The reaction was monitored via IR spectroscopy by the disappearance of the
carbodiimide stretching frequency. After 2 h, the product was precipitated by addition of 25 mL
of DI water to the solution and the resulting white solids were isolated by filtration. Residual
solvent was not removed under reduced pressure at room temperature. 1H NMR (500 MHz, CDCl3)
δ 7.10 (d, J = 8.0 Hz 4H), 6.94(m, 4H), 5.94 (m, 2H), 5.18 (dd, J = 8.5, 3.3 Hz, 1H), 5.10 (dd, J =
8.5, 3.3 Hz, 1H), 3.95 (d, J = 3.3 Hz, 2H).
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Procedure for small molecule kinetic and equilibrium experiments: 1 (0.25 g, 0.72 mmol, 1.0
equiv.), 1,3,5-trimethoxybenzene (0.12 g, 0.36 mmol, 0.50 equiv.), and benzyl amine (79 μL,
0.72 mmol, 1.0 equiv.) were added to an oven-dried GC vial. The vial was purged with nitrogen
for 5 minutes. The vial was placed in an aluminum heating block at the desired temperature and
insulated with aluminum foil. Samples were extracted at the desired times with a syringe, and the
reaction composition was analyzed by 1H NMR spectroscopy.

To determine if reagents were undergoing degradation at elevated temperatures, each reagent
was placed individually in an oven-dried vial under nitrogen atmosphere and heated to 150 °C
overnight. The reactants were cooled and 1H NMR spectroscopy was used to monitor any
changes compared to the spectra of the original compound; in all cases, negligible thermal
degradation occurred under these conditions.
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Procedure for determining gel fractions of varying stoichiometric ratios of amine:CDI:
Samples of 5 were placed in a tared vial and dissolved in THF, and the desired amount (0.95
equiv., 1.0 equiv., or 1.05 equiv. amine:CDI functionality) of tris(2-aminoethyl)amine was added
while stirring. The samples were left uncapped overnight to allow solvent to evaporate, and
placed under vacuum to remove all THF; after this, the initial mass of the polymer was recorded.
THF (5 mL) was added to each sample and samples were left to swell for 2 days under ambient
conditions. The THF was decanted and each sample was dried under vacuum. This procedure
(THF addition, swelling, decanting, drying under vacuum) was repeated to ensure removal of the
soluble fraction. The gel fraction was calculated as the mass remaining after the second cycle
compared to the initial polymer mass.
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Solubility experiments with 8: Two oven-dried vials were pre-weighed and 8 (0.025 g) was
added to both vials. To one vial, benzyl amine (0.1 mL) and DMF (4 mL) were added; to the
other, only DMF (4 mL) was added. The vials were heated at 170 °C for 1 h, after which time the
vial containing benzyl amine had become a homogenous solution while the portion of 8 in the
vial containing solely DMF was swollen but still undissolved. The experiment was repeated with
solely DMF (4 mL), heating to 170 °C for 18 h; after this time, 8 still remained undissolved.
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Preparation of DMA samples: 8 was crushed with a mortar and pestle until it became a fine
powder. The powder was placed in rectangular cutouts (3 mm  0.5 mm  0.25 mm) in an
aluminum mold and aluminum plates were placed above and below the mold. The plates were
inserted into a hydraulic Carver press and pressed at 5000 – 5200 psi while heating to 155 – 165
°C for 20 minutes. After this time the heating was switched off and the plates cooled to ambient
temperature. The samples were then extracted from the mold and annealed in a vacuum oven at
160 °C for 1 h. Samples used for reprocessing were broken into shards, crushed with a mortar
and pestle, and processed in the same manner
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Procedure for decrosslinking experiments of reprocessed samples: A reprocessed sample of
8 was broken into shards and ground in a mortar and pestle until it became a fine powder. In an
oven-dried vial, the powder (0.087 g) and benzyl amine (0.27 mL, 2.5 mmol, 10 equiv. vs
guanidine repeat unit) were combined and heated to 170 °C for 90 minutes, during which time
the solution became homogenous. The resulting oligomer was precipitated by addition of 5 mL
of water to the solution. The precipitate was isolated by filtration and dried under reduced
pressure at 60 °C.
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Appendix 1. ATR-IR spectra of the formation of 1 from p-tolyl carbodiimide and 4methylbenzyl amine. The decrease and disappearance of the N=C=N stretching frequency at
2100 – 2150 cm-1 indicates rapid and complete conversion of carbodiimide. Inset: magnification
of carbodiimide stretching frequency. Reaction conditions: 0.96 M p-tolyl carbodiimide, 0.96 M
4-methylbenzyl amine, THF, 21 °C.
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*

TGM reaction, 170 C, 80 min:

*
2

2
Discretely synthesized 2:

Appendix 2. 1H NMR spectra (500 MHz, CDCl3) of the TGM reaction composition and discretely
synthesized guanidine 2. Inset: magnification of benzylic resonances. * = internal standard (1,3,5trimethoxybenzene).
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Guanidine 1
calculated: 344.2, observed 344.3

Guanidine 2
calculated: 330.2,
observed 330.3

Guanidine 3
calculated: 358.2,
observed 358.3

Guanidine 4
calculated: 330.2,
observed 330.3

18

19

20

21

22

retention time (min)

Appendix 3. Gas chromatogram of a mixture of 1 and benzyl amine after heating at 150 °C for 2
h. Calculated and observed masses for [M+H]+ peaks (chemical ionization) of 1 – 4 are shown.
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TGM reaction, 170 C, 80 min:

*

*
3

3

Discretely synthesized 3:

Appendix 4. 1H NMR spectra (500 MHz, CDCl3) of the TGM reaction composition and discretely
synthesized guanidine 3. Inset: magnification of benzylic resonances. * = internal standard (1,3,5trimethoxybenzene).
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*

TGM reaction, 170 C, 80 min:

*
4

4

Discretely synthesized 4:

Appendix 5. 1H NMR spectra (500 MHz, CDCl3) of the TGM reaction composition and discretely
synthesized guanidine 4. Inset: magnification of benzylic resonances. * = internal standard (1,3,5trimethoxybenzene).

107

Appendix 6. 1H NMR spectra (500 MHz, CDCl3) of synthesis of TGM reaction composition of:
guanidine 7 and 1 (Blue), guanidine 7 and 2 (Green), and discretely synthesized guanidine 7.
Inset: magnification of benzylic resonances.
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170 C, 60 min, initial composition 1 + benzyl amine

170 C, 60 min, initial composition 2 + 4-methylbenzyl amine
2 1

3+4

Appendix 7. 1H NMR spectra (500 MHz, CDCl3) of TGM reaction compositions after 60 min at
170 °C. Initial reaction compositions were 1:1 stoichiometry of guanidine 1 and benzyl amine (top)
and guanidine 2 and 4-methylbenzyl amine (bottom). Inset: magnification of benzylic resonances
and assignment to guanidines 1 - 4. * = internal standard (1,3,5-trimethoxybenzene)
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Appendix 8 . Data for all TGM kinetic experiments.
Temp. (°C)

Trial

[1]initial (M)

[benzyl amine]initial (M)

k (s-1)

130

1

1.78

1.81

1.1 × 10-4

130

2

1.62

1.83

6.8 × 10-5

130

3

1.79

1.82

7.2 × 10-5

150

1

1.90

1.85

3.2 × 10-4

150

2

1.89

1.88

2.6 × 10-4

150

3

1.91

1.87

3.0 × 10-4

170

1

1.85

1.87

6.7 × 10-4

170

2

1.96

1.85

7.3 × 10-4

170

3

1.79

1.90

5.1 × 10-4

170

1

1.60

3.53

5.7 × 10-4

170

2

1.54

3.44

6.4 × 10-4

170

3

1.56

3.46

8.9 × 10-4
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Appendix 9. (Top)Plots of ln([1]initial/[1]) versus time of the TGM reaction at various
temperatures. The linear best fit of each trial at each temperature was used to calculate k.
(Bottom)Plots of ln([1]initial/[1]) versus time of the TGM reaction at 170 °C, using an equimolar
concentration of benzyl amine (black) and with double the concentration of benzyl amine (red).
The linear best fit of each trial was used to calculate k.
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Appendix 10. Representative 1H NMR spectrum (500 MHz, CDCl3) of oligomer 7. Integration of
resonances corresponding to the two endgroup CH3s (δ = 2.35) and repeat unit methylene (δ =
3.96) provides naverage = 1.74.
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Appendix 11. Gel fractions of 8 with varying reaction stoichiometries.
Equiv. CDI

Equiv. amine

Gel fraction

1

1

87.1%
85.2%
84.5%

1

1.05

68.4%
70.6%
65.1%

1

0.95

68.5%
72.6%
76.2%
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Appendix 12. ATR-IR spectra of oligomer 5 (top) and network 6 (bottom) with 1:1 reaction
stoichiometry of CDI:amine functionalities. Note complete disappearance of carbodiimide
stretching frequency at ~2100 cm-1.
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Appendix 13. ATR-IR spectra of as-synthesized network 6 (top) and melt-pressed 6 (bottom).
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Appendix 14. DSC thermogram of network 6. Second heating ramp, 20 °C/min.
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Appendix 15 . TGA thermogram of 6. N2 atmosphere, 10 °C/min. Td,5% = 247 °C.
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Appendix 16. Isothermal TGA of 6 at 160 °C, N2 atmosphere.
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Appendix 17. ATR-IR spectra of 6 upon first melt pressing (top) and after remoldin1-3 times.
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Appendix 18. Compiled rheological data from DMA temperature sweep experiments.

a

Sample

Eʹ, 40 °C (GPa)

Eʹ, 170 °C (MPa)

Tg (°C) a

νe (mol m-3)b

1st press

2.23

21.4

145

1937

1st remold

2.08

17.7

141

1602

2nd remold

1.87

14.5

139

1312

3rd remold

2.02

16.0

135

1448

Peak of tan δ. bCalculated as Eʹ/3RT at 170 °C.
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Appendix 19. Compiled data obtained from stress relaxation analyses.

a

Sample

Temperature (°C)

G0 (MPa)a

τ* (sec)b

βb

1

165

8.84

172

0.769

1

170

5.31

122

0.773

1

175

4.23

92

0.752

1

180

4.55

65

0.714

1

185

4.13

46

0.733

2

165

13.35

135

0.708

2

170

10.74

87

0.734

2

175

10.16

57

0.750

2

180

9.11

41

0.742

2

185

8.50

29

0.757

3

165

11.16

275

0.798

3

170

10.45

156

0.813

3

175

9.40

97

0.797

3

180

8.54

63

0.822

3

185

7.95

43

0.814

First measured relaxation modulus upon application of 1% strain. b Calculated by fitting each
𝑡 β

data set to a stretched exponential model: 𝐺(𝑡) = 𝐺0 𝑒 −(𝜏∗) .
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*
N-H

*

*
N-H

*

Appendix 20. 1H NMR spectrum (500 MHz, CDCl3) and assignment of resonances of a sample
of 8 decrosslinked with benzyl amine after 3 reprocessing cycles. * = residual benzyl amine.
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Appendix 21. Non-normalized stress relaxation data for one sample of 8. Fitting curves (red)
𝑡 β

calculated by fitting each data set to a stretched exponential model: 𝐺(𝑡) = 𝐺0 𝑒 −(𝜏∗) , where G0
is the first relaxation modulus measured upon application of 1% strain.
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Appendix 22. Angell fragility plot demonstrating linear dependence of viscosity on temperature
of TGM-based CANs, together with CANs based on other exchange mechanisms. For systems
with Tv > Tg, data was normalized to Tv; for those with Tv < Tg, temperature was normalized to Tg.
Data from other CAN systems and linear thermoplastics taken from main text refs.11, 12, 14, and
40.
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Appendix 23. Compiled Kinetic Data of 13,15,17-19 guanidines.
Temperature

Guanidine

Average Initial Rate of Exchange (s-1)

170 °C

13

2.24x 10-4 to 2.74 x 10-4

170 °C

15

1.73x 10-3

170 °C

17

5.51x 10-4 to 9.57 x 10-4

170 °C

18

4.06x10-3

170 °C

19

1.80*10-3
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Appendix 24. Predicted 13C NMR from ChemdrawTM (Top). 13C NMR from 21 (Bottom).
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1
2

Appendix 25. DSC of 22. First run started at 40 °C, followed by sequential run started from 0
°C. First thermal transition around 60 °C is possibly Tm and the second thermal transition
between 120-140 °C is possibly Tg.
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Appendix 26. 1H NMR of 23 heated at 120 °C for 40 minutes, with apparent cyclization
occurring based on two new peaks at 4.34-4.30 ppm and 3.91-3.87 ppm with p-toluidine detected
at 6.62ppm and 2.24 ppm.
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